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EXECUTIVE SUMMARY

The goals of the Global Nuclear Energy Partnership (GNEP) are to expand the use of
nuclear energy to meet global energy demand, to address nuclear waste management
concerns, and to promote non-proliferation. Implementation of the GNEP requires
development and demonstration of three major technologies:

e Light water reactor (LWR) spent fuel separations technologies that will
recover transuranics to be recycled for fuel but not separate plutonium from
other transuranics, thereby providing proliferation-resistance;

e Advanced Burner Reactors (ABRs) based on a fast neutron spectrum that
transmute the recycled transuranics to produce energy while also reducing the
long term radiotoxicity and decay heat loading in the repository; and

e Fast reactor fuel recycling technologies to recover and refabricate the
transuranics for repeated recycling in the fast reactor system.

The primary mission of the ABR Program is to demonstrate the transmutation of
transuranics recovered from the LWR spent fuel, and hence, to validate the benefits of the
fuel cycle closure to nuclear waste management. The transmutation, or burning of the
transuranics is accomplished by fissioning and this is most effectively done in a fast
spectrum. In the thermal spectrum of commercial LWRS, some transuranics capture
neutrons and become even heavier transuranics rather than being fissioned. Even with
repeated recycling, only about 30% can be transmuted, which is an intrinsic limitation of
all thermal spectrum reactors. Only in a fast spectrum can all transuranics be effectively
fissioned to eliminate their long-term radiotoxicity and decay heat.

The proposed Advanced Burner Reactor (ABR) Prototype is the first step in
demonstrating the transmutation technologies. The Prototype ABR is proposed to have a
power range between 250MWth and 2000MWth in the current programmatic
environmental impact statement. The ABR reference concept discussed in this report
provides a basis for which to compare advanced technologies and concepts going forward
and their impact upon site layout, nuclear plant commodities, and overall reactor
footprint. The ABR reference concept is 1000MWth in power level, in the mid-range of
the GNEP Programmatic Environmental Impact Study analysis. The ABR reference
concept uses essentially proven base technology, and thus is the perfect medium in order
to compare future concepts and improvements once developed. The prototype ABR
directly supports the development of commercially deployment of ABRs.

The primary objectives of the prototype ABR are:

e To demonstrate reactor-based transmutation of transuranics as part of an
advanced fuel cycle;

e To qualify the transuranics-containing fuels and advanced structural materials
needed for a full-scale ABR,;

e To support the research, development and demonstration required for
certification of an ABR standard design by the U.S. Nuclear Regulatory
Commission.



The prototype ABR will also address the following additional objectives:

e To incorporate and demonstrate innovative design concepts and features that
may lead to significant improvements in cost, safety, efficiency, reliability, or
other favorable characteristics that will promote public acceptance and future
private sector investment in ABRS;

e To demonstrate improved technologies for safeguards and security;

e To support development of the U.S. infrastructure for design, fabrication and
construction, testing and deployment of systems, structures and components
for the ABRs.

To support these objectives, a reference ABR has been developed; it is documented in
this report. In addition to meeting the primary and additional objectives listed above, the
lessons learned from fast reactor programs in the U.S. and worldwide and the operating
experience of more than a dozen fast reactors around the world, in particular the
Experimental Breeder Reactor-I1, have been incorporated into the design of the reference
ABR to the extent possible.

The reactor core design parameters have been selected to be representative of
commercial-scale reactors, which results in a moderate conversion ratio of ~0.8 and a
plutonium or transuranics enrichment in the range where extensive irradiation databases
exist. However, the core has flexibility to accommodate a wide range of conversion ratios
by changing the assembly design parameters appropriately. The reactor core consists of a
total of 180 fueled core assemblies 78 assemblies in an inner enrichment zone and 102
assemblies in an outer zone. Reactivity control and neutronic shutdown are provided by
15 primary and 7 secondary control rod assemblies. Fuel or materials specimens could
be irradiated in any number of core assembly positions. This core design is the product
of extensive trade studies involving power rating, conversion ratio, fuel type (metal,
oxide), fissile material (weapons Pu, TRU from LWR spent fuel), control requirements
and shutdown margin. The reference design uses weapons-grade plutonium-based
ternary metal driver fuel as the initial core and envisions a gradual transition to
transuranics-containing driver fuel as it is qualified. It has a TRU conversion ratio of
0.73-0.81 depending upon the fuel.type needed to meet the program goals.

Based on the past trade studies and lessons learned from operating reactors, the pool-
type arrangement was selected as the basis for this reference ABR design due to its
potential for design simplicity, inherent passive safety and economics.

The key plant design parameters for this reference ABR are summarized in Table 1.
The overall plant site arrangement is shown in Figure 1. The major systems — the reactor
vessel containing the reactor core and the primary heat transport system, the intermediate
heat transport system with the sodium to water stream generators, and the Rankine cycle
power conversion system — are shown in an elevation view in Figure 2.

The reactor and the primary and secondary heat transport systems are located
essentially below grade. Note that all of the nuclear components of the plant are located
on a nuclear island, which is seismically isolated from its base mat foundation, which is
also illustrated in Figure 2.



Table 1 ABR Reference Plant Design Parameters

Reactor Power 1000 MWHt, 380 MWe

Coolant Sodium

Coolant Temperature, Inlet/Outlet | 355°C/510°C

Driver Fuel Both metal and oxide startup and recycle cores
were evaluated

Cladding and Duct Material HT-9

Cycle Length 12 months

Plant Life 30 years with the expectation of life extension
to 60 years

Reactor Vessel Size 14.1 m diameter, 14.8 m height

Structural and Piping Material Austenitic Stainless Steel

Primary Pump Four (4) Mechanical (centrifugal) primary
pumps

Power Conversion Cycle Reference: Rankine Steam Cycle

Thermal Efficiency 38 %

The primary system is configured in a pool-type arrangement (similar to that used
successfully in EBR-II and many other LMR plants), with the reactor core, primary
pumps, intermediate heat exchangers, and direct reactor auxiliary cooling system
(DRACS) heat exchangers all immersed in a pool of sodium coolant within the reactor
vessel. A schematic view of the primary system is shown in Figure 3 and some specific
dimensions are given in Figure 4. The pool-type arrangement was selected as the initial
reference concept because of its inherent simplicity and safety. All of the primary coolant
and associated piping is within the reactor vessel, which greatly reduces the possibility of
loss of coolant, and the sodium pool provides a large thermal inertia in the system. In
addition, the reactor vessel is a simple shell structure having no penetrations in the shell
wall or bottom head; all penetrations are in the top closure head (deck) of the reactor
vessel assembly. The hot sodium at core outlet temperature is separated from the cold
sodium at core inlet temperature by a structure called the redan. The reactor vessel is
exposed only to cold sodium, so it is not subjected to severe thermal transients. A guard
vessel is provided as an additional passive safety feature.

Within the reactor vessel, four primary mechanical centrifugal sodium pumps take
suction from the lower regions of the cold pool and discharge the sodium into a header
that distributes the sodium into multiple feeder pipes, which distribute sodium evenly into
the inlet plenum. The inlet plenum distributes the primary sodium to the inlet of the core
assemblies, which are individually orificed for proper flow distribution. The sodium is
heated as it flows through the core and exits the core assemblies into the outlet plenum.
The hot sodium then rises into the redan and then enters the inlet of the intermediate heat
exchanger (IHX). After the primary sodium transfers its heat to the intermediate sodium,
it exits the IHX into the lower regions of the cold pool. The IHX is round in cross-section
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which is consistent with base sodium heat exchanger technology. The guard vessel that
surrounds the reactor vessel will capture and contain any primary sodium coolant in the
very unlikely event of a leak in the reactor vessel, and, thus, prevent the IHX inlet,
DRACS heat exchangers, and core assemblies from being uncovered.

The baseline power conversion system adopted for this reference concept is the
Rankine steam cycle. Four (4) once through helical coil steam generators are used and
were sized for the 1000MWth power level. These steam generators generate superheated
steam in one pass of the steam generator. A sodium-water reaction protection system was
is also included in the design as part of the primary plant auxiliary systems.

The intermediate sodium exits the IHX and flows to the helical coil steam generator
located on the nuclear island. The intermediate sodium heats the feedwater which then
turns to saturated steam and then to superheated steam before it exits the steam generator.
The superheated steam then flows to the turbine-generator performing work and
generating electricity. The steam exits the turbine generator and is condensed in the main
condenser as condensate. The condensate then goes through a series of heat exchangers
and pumps to pressurize and preheat the condensate into feedwater of the right
temperature and pressure for introduction into the steam generator. A schematic diagram
is given in Figure 5.

Removal of decay heat from the reactor core is a fundamental safety function. In the
reference ABR design, normal decay heat removal is through the normal power
conversion systems. However, a direct reactor auxiliary cooling system (DRACS) is
provided, having both forced flow and natural convection capability. This system
removes decay heat from the pool to the atmosphere using heat exchangers located in the
cold part of the sodium pool and in the atmosphere above grade. If electrical power is
available, forced flow can be used; in an emergency, natural convection flow can remove
the decay heat.
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Figure 1 Overall Site View of the ABR Plant
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The ABR will have a short refueling interval, so efficient and reliable fuel handling is
essential. The reference design provides in-vessel fuel storage cooled by natural
convection. Movement of fuel into and out of the core is done using a simple and reliable
dual rotatable plug and a straight-pull fuel handling machine. This fuel handling machine,
similar to EBR-I1I, operates be a combination of the dual rotatable plug movement and the
fuel handling machine to insert and remove fuel into and from the reactor core.
Movement of fuel from the reactor vessel to the fuel handling building is done using a
fuel unloading machine and inter-building transfer cask similar to the system used for
many years at EBR-II.

The reference design concept presented in this report reflects essentially baseline,
proven technology and will be the starting point for extensive and detailed comparison
studies of the impacts of advanced technologies on the potential reduction in facility size,
reduction in commodities, and economic gain while maintaining the desired attributes of
a sodium-fast reactor system. The performance of the reactor and heat transport systems
during natural circulation transients and several design basis events was considered.
These analyses are documented in Part 111 of this report.
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PART |
INTRODUCTION

[.1 Overall Objectives

The goals of the Global Nuclear Energy Partnership (GNEP) are to expand the use of nuclear
energy to meet increasing global energy demand, to address nuclear waste management concerns
and to promote non-proliferation. To enable the expansion of nuclear energy for peaceful
purposes and make a major contribution to global development into the 21st century, the United
States seeks to pursue and accelerate cooperation to:

Expand nuclear power to help meet growing energy demand in an environmentally
sustainable manner.

Develop, demonstrate, and deploy advanced technologies for recycling spent nuclear
fuel that do not separate plutonium, with the goal over time of ceasing separation of
plutonium and eventually eliminating excess stocks of civilian plutonium and
drawing down existing stocks of civilian spent fuel. Such advanced fuel cycle
technologies would substantially reduce nuclear waste, simplify its disposition, and
help to ensure the need for only one geologic repository in the United States through
the end of this century.

Develop, demonstrate, and deploy advanced reactors that consume transuranic
elements from recycled spent fuel.

Establish supply arrangements among nations to provide reliable fuel services
worldwide for generating nuclear energy, by providing nuclear fuel and taking back
spent fuel for recycling, without spreading enrichment and reprocessing technologies.

Develop, demonstrate, and deploy advanced proliferation resistant nuclear power
reactors appropriate for the power grids of developing countries and regions.

In cooperation with the IAEA, develop enhanced nuclear safeguards to effectively
and efficiently monitor nuclear materials and facilities, to ensure commercial nuclear
energy systems are used only for peaceful purposes.

Implementation of the GNEP requires development and demonstration of three major
technologies:

Light water reactor (LWR) spent fuel separations technologies that will recover
transuranics to be recycled for fuel but not separate plutonium from other
transuranics, thereby providing proliferation-resistance;

Advanced Burner Reactors (ABRs) based on a fast spectrum that transmute the
recycled transuranics to produce energy while also reducing the long term
radiotoxicity and decay heat loading in the repository; and

Fast reactor fuel recycling technologies to recover and refabricate the transuranics for
repeated recycling in the fast reactor system.
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The primary mission of the ABR Program is to demonstrate the transmutation of transuranics
recovered from the LWR spent fuel, and hence the benefits of the fuel cycle closure to nuclear
waste management. The transmutation, or burning of the transuranics is accomplished by
fissioning and this is most effectively done in a fast neutron spectrum. In the thermal neutron
spectrum of commercial LWRS, some transuranics capture neutrons and become even heavier
transuranics rather than being fissioned. Even with repeated recycling, only about 30% can be
transmuted, which is an intrinsic limitation of all thermal spectrum reactors. Only in a fast
spectrum can all transuranics be effectively fissioned to eliminate their long-term radiotoxicity
and decay heat.

DOE’s current vision is to develop an Advanced Burner Reactor (ABR) prototype in the
power range of 250MWth to 2000MWth as the first in a series of fast reactor plants that can
achieve the mission objectives and as the first step in demonstrating the transmutation
technologies. This ABR directly supports development of increasingly larger Advanced Burner
Reactor systems, which would result in commercial deployment of ABRs.

The primary objectives of the ABR prototype are:

e To demonstrate reactor-based transmutation of transuranics as part of an advanced
fuel cycle;

e To qualify the transuranics-containing fuels and advanced structural materials needed
for a full-scale ABR;

e To support the research, development and demonstration required for certification of
an ABR standard design by the U.S. Nuclear Regulatory Commission.

The ABR prototype should also address the following additional objectives:

e To incorporate and demonstrate innovative design concepts and features that will lead
to significant improvements in cost, safety, efficiency, reliability, or other favorable
characteristics that will promote public acceptance and future private sector
investment in ABRS;

e To demonstrate improved technologies for safeguards and security;

e To support development of the U.S. infrastructure for design, fabrication and
construction, testing and deployment of systems, structures and components for the
ABRs.

Based on the overall GNEP and ABR prototype objectives of commercially deploying
advanced fast reactors, this 1000MWth ABR has been developed and is documented in this
report. This 1000MWth ABR provides a starting point and a framework to understand the
commaodity, footprint, and economic impact of potential innovative design features and concepts
and how best to include these innovative features in future fast reactor systems to make them
more attractive to industry. In addition to meeting the primary and additional objectives listed
above, the lessons learned from fast reactor programs in the U.S. and worldwide and the
operating experience of more than a dozen fast reactors around the world, in particular the
Experimental Breeder Reactor-11 have been incorporated into the design of the 1000MWth
reference ABR to the extent possible. In addition, the basic goal of the reference concept was to
use known and demonstrated technology.
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[.2 Plant Design Approach

In order to address the ABR objectives, the following major design goals governed the
design approach of the 1000MWth reference ABR:

e Demonstrate Transmutation of Transuranics: The reactor core will be designed to
demonstrate actinide transmutation in a fast spectrum using the plutonium containing
fuel as its initial core driver fuel, gradually transitioning into transuranics containing
fuel, recovered from LWR spent fuel. It will accommodate test positions for
irradiation testing of transuranic fuels and non-fuel materials within the core,
however, there will be no specific accommodation for instrumented subassemblies.

e Demonstrate Fast Reactor Safety: The reactor and system design will incorporate
inherent safety features and shall utilize passive safety systems to the maximum
extent possible. The design will incorporate the major features that would be
expected in a commercial-scale ABR so that safety demonstrations and operating
experience is applicable to the future ABRs.

e Economics: The design will emphasize simplicity, reliability and long life of its
systems, structures and components.

e Known and Demonstrated Fast Reactor Technology: The design will use known and
demonstrated fast reactor technology to support the evaluation of innovative design
options in future design studies. The design will emphasize ease of construction and
fabrication, operation, inspection and maintenance. The design will be suitable for
location on a wide variety of sites in the US.

The reactor core design parameters have been selected to be representative of commercial-
scale reactors, which results in a moderate conversion ratio of ~0.73-0.81 and a plutonium or
transuranics enrichment in the range where extensive irradiation databases exist. However, the
core has flexibility to accommodate a wide range of conversion ratios by changing the assembly
design parameters appropriately. This flexibility is discussed in separate reports.

Once the core envelope has been defined, the next key design decision is selection of the
overall plant layout option, namely loop-type or pool-type arrangement. Based on the past trade
studies and lessons learned from operating reactors, the pool-type arrangement was selected as
the reference approach for the 1000MWth ABR. The reasons for this selection are summarized
below.

Simplicity

Assurance of primary system integrity and leak tightness is a major design objective. In the
pool concept, the primary system coolant boundary is simple and regular, resulting in low
stresses and high structural reliability. There are no penetrations in the reactor vessel wall.
Because of the submerged primary piping and other major components, small leakages internal
to the primary boundary are permissible. By contrast, in the loop concept, the primary pumps
and intermediate heat exchangers are housed external to the reactor vessel in steel-lined,
nitrogen-inerted cells. The piping normally penetrates the reactor vessel below the top head
closure and runs in inerted pipeways to and from the steel-lined cells. Elimination of these
inerted steel-lined primary heat transport system cells and the complex network of piping,
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supports and restraints results in a major simplification of the plant design and reduction of
containment building size and associated commodities.

Inherent Passive Safety

There is a significant difference between the responses of the pool and loop designs to
various system transients. Due, in part, to the large inventory of cold sodium coolant, the pool
system generally is less sensitive than the loop system to plant upsets associated with loss of heat
sink or loss of forced cooling. This reduced sensitivity allows greater opportunity for inherent
passive safety features such as natural convective flow and negative reactivity feedback to
protect the core. The major design considerations relate to the thermal inertia of the sodium
coolant, the rate of pump coastdown, and the reactivity feedback characteristics of the system.
An extended coastdown time, combined with the large thermal inertia of the pool system, may
well allow reactivity feedback mechanisms to accommodate the unprotected transients. Such
mechanisms are inherently provided by the thermal expansion of the support grid and thermal
elongation of the control rod drivelines. With these factors properly combined, it may be feasible
to design a pool system to survive loss of all electric power (and forced coolant flow) without
scram and thus significantly further reduce the probability of a serious accident. (Relevant tests
on EBR-II which demonstrated this capability is discussed later in this section.) This is much
more difficult to achieve in a loop system because following a scram the primary pumps must
coast down rapidly to avoid serious thermal shock to the reactor nozzles, primary piping and
downstream components.

Diverse and redundant decay heat removal capacity can be supplied in either a loop or pool
system. However, because of the large reactor vessel that contains both primary pumps and
intermediate heat exchangers, diversity and redundancy can be achieved more easily and reliably
in the pool system. Also, passive protective systems, including decay heat removal, can be
provided with simpler engineering solutions. For example, the normal primary heat transport
system in a pool design can also be used for in-vessel passive decay heat removal with proper
location of dedicated heat removal systems, whereas the loop concept requires an alternative
flow path with either check valves or changes in direction of coolant circulation.

Economics

Past design studies based on use of standard stainless steel materials of construction have
concluded that the pool arrangement costs less than the loop arrangement, both in capital cost
and in operating costs over the life of the plant. The primary reasons for reduced capital cost lie
in the smaller reactor containment building and all of the associated reductions in plant size.
Furthermore, the simplicity of the primary system and elimination of the additional inerted steel-
lined cells housing various sodium heat transport system components contribute significantly to
cost savings. The simplicity of the pool system can translate into a shortened construction
schedule, which also contributes to capital cost savings. The operating and maintenance costs
can be reduced because of reduced plant outage times and less radiation exposure to personnel
performing inspection, testing, and maintenance work. However, the introduction of advanced
technologies could impact the economics of pool and loop plant systems.

Known and Demonstrated Technology

The goal of this project was to develop a concept that, although it may not be cost
competitive with today’s advanced light water reactors, contained known and demonstrated
technology, for example, dual rotatable plug with a straight pull fuel handling machine,
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mechanical centrifugal primary pumps, steam Rankine balance of plant, etc. Using demonstrated
technologies allows for the project to understand the impact of adopting advanced technologies
on not only overall plant cost, but also potential impacts on construction duration. As these
advanced technologies mature they can be included in a future fast reactor projects with little risk
to the overall project success. Thus, the ABR will serve as a reference plant for conducting trade-
offs and for measuring the degree of impact of innovative designs and features.

Even though the pool design described in this report is of a preliminary nature and
incomplete, the attractiveness of the design is apparent. In essence, it maximizes the advantages
of the pool concept identified in previous design studies by unique design innovations. Some of
the known and demonstrated technologies adopted for this reference concept include:

e A vertical redan which reduces the load on the support structure, eliminates complex
pump and IHX penetrations, and increases the volume of cold sodium in the primary
vessel;

e A passive cooling system to keep the reactor vessel wall at a low and uniform
temperature thus reducing costs, enhancing integrity of the primary coolant boundary
and simplifying the design;

e Elimination of valves from the primary sodium piping system to improve reliability
and reduce cost;

e A reactor support grid incorporating individual inlet modules for reactor assemblies
and simple hydraulic hold-down providing flexibility and reducing vertical space
requirements;

e Shutdown heat removal system within the reactor vessel which enhances safety and
reduces the cost of the secondary system.

e Seismic isolation of the ‘nuclear island’ so that the need for expensive design features
to accommodate large earthquakes is reduced and limitations on the seismicity of
candidate sites can be relaxed.

Again, the main purpose for this ABR reference plant is to create a fast reactor concept using
essentially known technology that can then be used to evaluate the impact of innovative
technology and plant concepts on the overall plant layout, commodities, and performance. This
ABR reference plant described in this report is a starting point for understanding the impacts of
advanced technologies and plant concepts.

The reference ABR concept was developed based on the key plant parameters summarized in
Table 1.2-1. Detailed plant design descriptions are presented in Part Il and supporting design
analyses are presented in Part I1I.
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Table 1.2- 1 Summary of Key Design Parameters

Design Parameter Value

Reactor Power 1000MWth

Primary Heat Transport System
Reactor Outlet Temperature 510°C / 950°F
Reactor Inlet Temperature 380°C/ 716°F
Reactor AT 130°C / 234°F
Number of Primary Pumps 4
Number of Intermediate Heat Exchangers 4

Intermediate Heat Transport System
Hot Leg Temperature 488°C /910.4°F
Cold Leg Temperature 333°C / 631.4°F

[.3 Safety Design Approach

The safety goals in nuclear power reactor design and operation are to assure the health and
safety of the public, to protect the plant operating staff from harm, and to prevent plant damage.
Traditionally, these goals have been fulfilled by an approach that 1) minimizes risk by
maximizing safety margins in design and operation, 2) reduces the likelihood of potentially
harmful events by providing safety systems to deal with anticipated events, and 3) provides
additional design features to mitigate the harmful consequences of low probability events. This
approach is usually identified as “defense- in-depth.”

The basic principle of “defense-in-depth” is to provide multiple levels of protection against
an accidental release of radioactive material. One part of defense-in-depth is physical barriers,
like the multiple barriers to release of radioactivity provided by the fuel cladding, the primary
coolant system boundary and the reactor containment building. Generally, active or passive
safety systems are provided to protect the physical barriers. These include the reactor shutdown
systems and the reactor cooling systems. Inherent characteristics of the design, such as negative
reactivity feedback and long flow coastdown, may provide an additional level of protection.
Emergency planning provides an additional layer of defense-in-depth, should the other barriers
be threatened. However, in all instances, the “defense-in-depth” strategy depends on the
independence of the protective measures, so that no single event can breech more than one
protective level.

The ABR safety design approach implements the “defense-in-depth” strategy by adopting the
traditional three levels of safety. In addition, the ABR design features have been selected to
provide significant safety margin enhancements by inherent passive safety responses to upset
conditions and equipment failures.

At the first level, the ABR is designed to operate with a high level of reliability, so that
accident initiators are prevented from occurring. The first level of safety is assured in part by
selection of fuel, cladding, coolant, and structural materials that are stable and compatible, and
by providing large margins between normal operating conditions and limiting failure conditions.
Next, the first level of safety is assured by adopting an arrangement of components that allows
monitoring, inspection, and testing for performance changes or degradation. Finally, the ABR
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design provides for repair and replacement of components necessary to assure that safety
margins are not degraded.

The selection of liquid sodium coolant and a pool-type primary system arrangement provides
a highly reliable reactor system with large operational safety margins. The coolant thermo-
physical properties provide superior heat removal and transport characteristics at low operating
pressure with a large temperature margin to boiling. The pool-type primary system confines all
significantly radioactive materials within a single vessel, allows for easy removal and
replacement of components as well as shutdown heat removal by natural circulation. In addition,
the adoption of metal fuel (as one concept) —which operates at a relatively low temperature, well
below the coolant boiling point, provides additional safety margin for liquid metal reactor
designs due to its high thermal conductivity.

At the second level of safety, the ABR is designed to provide protection in the event of
equipment failure or operating error. This level of protection is provided by engineered safety
systems for reactor shutdown, reactor heat removal, and emergency power. Each of these safety-
grade back-up systems functions in the event of failure in the corresponding operating system,
and are subjected to continuous monitoring and periodic testing and inspection.

The ABR design provides an independently powered and instrumented secondary reactor
shutdown system that operates automatically to reduce reactor power rapidly in the event that the
primary shutdown system fails. For shutdown cooling, the ABR design includes a safety-grade
emergency heat removal system, independent from the normal heat removal system and capable
of removing residual decay heat by natural circulation. In addition to the normal off-site power
supply, the ABR is equipped with a second independent off-site power connection. The two off-
site power connections are supplemented by a safety-grade on-site emergency power supply.

The third level of safety provides additional protection of the public health and safety in an
extremely unlikely event that is not expected to occur in the life of the plant, or which was not
foreseen at the time the plant was designed and constructed.

In the ABR design, the third level 3 protections for cooling assurance and containment of
radioactivity is provided by the reactor guard vessel and the reactor containment building. The
guard vessel is designed to hold primary coolant in the event of a leak in the reactor vessel. The
guard vessel assures that the reactor core remains covered with sodium and cooled by the
emergency heat removal system, even if the reactor vessel fails. If primary coolant leaks and
oxidizes in the reactor building air atmosphere, or if failures of the cladding and the primary
system barriers lead to release of gaseous fission products, the reactor containment building
provides a final low-leakage barrier to release of radioactivity to the environment.

The three levels of safety taken together form the safety design basis for ABR. For the
purposes of subsequent safety design development, qualification, and documentation, it is
customary during the pre-conceptual design phase to identify general design criteria that
collectively serve as the basis for safety assessment of the design. A preliminary cross reference
and evaluation of existing general design criteria from 10CFR Part 50 Appendix A, from
ANSI/ANS Standard 54.1, and from DOE Order 5480.30 are included in Appendix A.

The normal process of safety assessment of a design considers a spectrum of design basis
accidents (DBAS) as tests of the various safety systems. These DBAs generally assume single
failures. Accidents within the design basis must be accommodated by the design and shown to
present risks to the public that are within regulatory standards. Beyond the design basis, there
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exists a class of accidents of such low probability that they have been termed “hypothetical.”
These events involve multiple failures of safety grade systems, and usually are considered to
have a frequency of less than 10-6 per reactor year. Because of the potentially severe
consequences of accidents in this class, they have received significant regulatory scrutiny in prior
sodium-cooled fast reactor licensing reviews for the purpose of characterizing thermal and
structural safety margins beyond the design basis.

Three beyond-design-basis accident (BDBA) sequences, each involving failure of both
reactor scram systems, have received attention in past licensing safety assessments. In the
unprotected loss-of-flow (ULOF) sequence, it is assumed that power is lost to all primary and
secondary coolant pumps and the reactor scram systems fail to activate. In the unprotected
transient overpower (UTOP) sequence, it is assumed that one or more inserted control rods are
withdrawn, and the reactor scram systems fail to operate. In the unprotected loss-of-heat-sink
(LOHS) accident, it is assumed that heat removal through the power conversion system is lost,
and the reactor scram systems do not activate. Taken collectively, these three accident initiators
encompass all the ways that an operating reactor can be perturbed, i.e. by a change in coolant
flow, by a change in reactivity, or by a change in coolant inlet temperature.

The reference ABR design can be made capable of accommodating these beyond design
basis accident initiators without producing high temperatures and conditions that might lead to a
severe accident, such as coolant boiling, cladding failures, or fuel melting. The inherent
neutronic, hydraulic, and thermal performance characteristics of the ABR design provide self-
protection in beyond-design-basis sequences to limit accident consequences without activation of
engineered systems or operator actions. This characteristic has been termed ‘inherent passive
safety.

The efficacy of such passive safety was demonstrated through two landmark tests conducted
on the Experimental Breeder Reactor-11 (EBR-I1), namely loss-of-flow without scram and loss-
of-heat-sink without scram tests. With the automated safety systems disabled, the two most
demanding accident initiating events were deliberately induced with the reactor at full power,
first one then the other. Each time the reactor simply coasted to a safe low power state without
any damage at all to the fuel or any reactor component. These tests proved conclusively that
passive safety design is achievable for metallic fueled fast reactors with sodium cooling.

Within the overall safety framework for ABR, passive safety serves to provide additional
margins for public protection in the event of very low probability events whose frequency of
occurrence is lower than the normal threshold for deterministic assessment. The ABR passive
safety performance characteristic assures that no abnormal radioactivity releases will occur in the
event of beyond-design-basis accidents, and that all of the multiple defense-in-depth barriers
(fuel cladding, reactor vessel, containment building) for public protection will remain intact, just
as for design basis accidents. The passive safety performance of ABR eliminates the potential
for severe accident consequences in very low frequency, beyond-design-basis sequences.
Consequently, for ABR, beyond-design-basis accidents need to be considered only in the context
of probabilistic risk assessments.

Security must now be considered as an integral part of the design. The inherent and passive
safety features of the ABR offer a high level of protection against malevolent events, as well as
against accidents. Since the inherent and passive features do not rely on operator action, external
power or functioning of active components, they remove these potential vulnerabilities. In
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addition, the location of the reactor vessel, the core, and the primary heat transport system below
grade within a strong containment structure provides protection against external threats.

Implications on Licensing Approach

Historically, the safety assessment of reactor designs has been based on a deterministic
approach, in which a set of postulated initiating events are defined and the consequences of these
events are determined by analysis. The events to be considered are selected to represent
challenges to the reactor’s control and safety systems, based on judgment, experience and
regulatory requirements. The probability of an initiating event occurring is evaluated only
qualitatively. USNRC licensing practice using the deterministic approach is highly developed for
light-water power reactors and is codified in 10CFR Part 50. The general design criteria found
in Appendix A of Part 50 and the related body of regulatory guidance have been applied
successfully to licensing of the current fleet of LWRs. They were used with modification in
licensing of the Fast Flux Test Facility and the Clinch River Breeder Reactor Project. However,
it is recognized that use of criteria designed for LWR technology for new, innovative reactor
designs is not efficient, nor does it lead to a stable and predictable regulatory process. In
addition, recent trends in safety assessment and licensing have led to an increased emphasis on
risk informed decision-making, with a consequent emphasis on the use of probabilistic risk
assessment throughout design, safety assessment, licensing and operation. All operating nuclear
power plants are now required to have a probabilistic risk analysis (PRA) including both internal
and external events, and probabilistic insights are now used in some aspects of operation and
regulation.

The USNRC is now developing a risk-informed, performance based alternative to 10CFR
Part 50 to be used in licensing of future nuclear power plants [1]. The framework for this
alternative approach is based on the NRC’s Safety Goals Policy and fundamental safety
principles such as defense-in-depth and safety margins. It combines probabilistic and
deterministic elements. It is technology-independent, with technology-specific requirements for
particular designs.

Under the new regulatory framework, a probabilistic risk assessment would be an integral
part of the design process and safety assessment, as well as having a fundamental role in the
licensing process. Deterministic criteria and multiple lines of defense against undue radioactive
release would continue to be required. Under this approach, a probabilistic analysis would be
used to establish the event sequences to be considered in the licensing process and to classify
equipment as to its safety significance. The selected events, called Licensing Basis Events
(LBEs) would be analyzed deterministically to demonstrate the conservatism of the probabilistic
analysis. The allowable consequences of an event would be matched to its frequency
quantitatively.

As design work proceeds beyond the pre-conceptual stage, use of probabilistic risk analysis
will be central to the design, especially to demonstrating the effectiveness of the inherent and
passive safety features of the ABR. It will also allow a quantitative selection of LBEs for
deterministic analysis to show compliance with the NRC’s Safety Goal Policy. In previous
licensing of sodium-cooled fast reactors, a great deal of attention was focused on beyond-design-
basis events leading to severe accidents. Probabilistic analysis affords the opportunity to show
quantitatively that such events have a frequency below the lower limit for consideration as LBEs
(the current proposal is a frequency less than 10-7 per reactor-year); nevertheless, defense-in-
depth considerations will likely require mitigation features such as low-leakage containment.
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At the present time, the approach to be used for licensing of the ABR is not clear, given the
project schedule and the likely time frame for introduction of the risk-informed, performance-
based alternative. However, it is clear that an approach to design and safety assessment using
both probabilistic and deterministic methods will be needed. In the longer term, such an
approach will surely be needed for ABR licensing, and the ABR licensing offers the opportunity
to develop the methods and data needed to support the ABR in the future.

Reference

1. NUREG-1860, Framework for Development of a Risk-Informed, Performance-Based
Alternative to 10 CFR Part 50, Working Draft, July 2006.
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PART Il
PLANT DESIGN DESCRIPTION

.1 Reactor System

[1.1.1 Reactor Core

A reference Advanced Burner Reactor (ABR) core concept of 1000 MWt power rating was
developed for the study on the future fast reactor design options. A compact core for a one-year
cycle length was developed by trade-off of the TRU conversion ratio and burnup reactivity loss.
A ternary metal fuel form of U-TRU-Zr and a mixed oxide form of UO,-TRUO, were assumed
for the metal and oxide cores, respectively. Low-swelling stainless steel (HT9) cladding was
selected as structural material (cladding and duct). In order to allow the interchange of metal and
oxide fuel assemblies, it was decided to use the same radial core layout and assembly size for
both metal and oxide fuel core concepts.

For both metal and oxide cores, thermal-hydraulic and materials-related design constraints
were imposed on selection of design parameters. For the metal fuel, an as-built smeared density
of 75% was assumed to allow free fuel swelling of approximately 33%, at which point porosity
becomes largely interconnected and open to the outside of the fuel, releasing a large fraction of
fission gas to the upper fission gas plenum [1]. A smeared fuel density of 85% theoretical density
(TD) was assumed for the oxide fuel for accommodating fuel swelling and to avoid the
significant temperature drop from the fuel surface to the cladding [2]. The peak fast fluence limit
of HT9 was assumed to be ~4x10% n/cm?, based on the irradiation data obtained in FFTF that
showed no HT9 duct elongation or cladding breach after a fast fluence of 3.9x10% n/cm? [3].
The fuel centerline temperature of both metal and oxide fuels was limited by the fuel melting
temperature. For the metal fuel, the peak fuel-cladding interface temperature was limited by
650°C, which was taken for the maximum interface temperature of EBR-Il1 Mark-V fuel based
on the experimental result of the Fuel Behavior Test Apparatus [4]. To minimize the thermal
stress damage on the outlet plenum structure, the allowable coolant temperature differential at
the outlet of the subassemblies was assumed to be 44 °C [5,6]. Finally, a burnup reactivity loss
of ~3.5% Ak was targeted in order to achieve a sufficient shutdown margin with a reasonable
number of primary control assemblies.

Two equilibrium core concepts were developed for both metal and oxide cores: startup and
TRU recycled cores. Weapons grade plutonium (WG-Pu) was assumed as the TRU feed for the
start-up core without recycling of the ABR spent fuel. For the recycled equilibrium core, the
TRU recovered from the ABR spent fuel was used as the primary TRU feed and the TRU
recovered from the LWR spent fuel (LWR-SF) was used as the makeup TRU feed. The design
descriptions and performance characteristics of the reference core concepts are presented in this
section. The impact of alternative core concepts targeting low and high TRU conversion ratios
are discussed in Section 111.6.
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11.1.1.1 Core and Assembly Design Descriptions

The 1000 MWt reference ABR core concept was developed using ternary metal alloy (U-
TRU-10Zr) and mixed oxide (UO,+TRUO;) fuels. Figure I1.1-1 shows the radial layout of the
reference core, which consists of 180 drivers, 114 reflectors, 66 radial shields, and 15 primary
and four secondary control assemblies. The core is divided into inner and outer core zones,
which are composed of 78 and 102 fuel assemblies, respectively. Two independent safety-grade
reactivity control systems are used. The primary system consists of three control assemblies in
the fourth row and 12 control assemblies in the seventh row, and the secondary system contains
four control assemblies located at the core center and in the fourth row.

O Inner core (78)

O Outer core (102)

‘ Reflector (114)

e Primary control (15)

e Secondary control (4)

O Shield (66)

Total (379)

Figure 11.1-1 Radial Core Layout of Reference 1000 MWt ABR Concept

Table 11.1-1 provides the isotopic fractions of weapons grade plutonium and LWR spent fuel
TRU. A 50 MWd/kg burnup and a 10-year post-irradiation cooling time were assumed for
determining the LWR-SF TRU composition. The key assembly design parameters of the metal
and oxide fuel assemblies are compared in Table 11.1-2, and the schematics of oxide and metal
fuel assembly designs are provided in Figure 11.1-2. The fuel, reflector and shield assemblies use
the same structural components and have an overall length of 477.5 cm including the nosepiece
and handling socket.
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Table 11.1-1 Isotopic Fraction of TRU Feeds (%)

WG-Pu LWR-SF
Np-237 4.72
Pu-238 0.01 2.18
Pu-239 93.81 47.34
Pu-240 5.81 22.82
Pu-241 0.35 8.42
Pu-242 0.02 6.84
Am-241 5.61
Am-242m 0.01
Am-243 1.56
Cm-243 0.00
Cm-244 0.46
Cm-245 0.04

For the metal core, the fuel assembly contains 271 fuel pins arranged in a triangular pitch
array. The fuel pin diameter and cladding thickness are 7.55 mm and 0.56 mm, respectively. Fuel
pins are made of sealed cladding containing a lower shield, an active core and a gas plenum from
the bottom of the pin. The fuel pin is helically wrapped with wire to maintain the pin spacing so
that the coolant can flow freely through the pin bundle. In the metal fuel assembly, the active
core height is 81.3 cm, and the fission gas plenum height is 124.5 cm. The smeared fuel density
IS 75%, and sodium is filled as the initial thermal bond between the fuel column and the
cladding. The overall length of metal fuel pin is 332.7 cm, including the lower shield of 124.5
cm.

For the oxide core, the oxide fuel assembly design is basically the same as the metal fuel
assembly design except for the axial dimensions and the gap size between fuel and cladding. The
reflector, shield and control assemblies are identical to those of the metal core. The active core
height and fission gas plenum length are increased to 106.7 cm and 160.0 cm, respectively, and
the lower shield length is slightly reduced to 111.8 cm. As a result, the overall pin length is
increased to 381.0 cm, which is about 15% longer than that of the metal core. To keep the overall
assembly length of 477.5 cm, the duct standoff length of the oxide fuel assembly is reduced (see
Figure 11.1-2). The gap between fuel pellet and cladding is 0.008 cm, yielding a fuel smeared
density of 85% TD with the assumed fabrication density of 89.5% TD. The fuel volume fraction
of the oxide fuel is about 7.8% larger than that of the metal fuel assembly because of reduced
gap between fuel and cladding.

The control assemblies consist of an absorber bundle contained in a duct. The absorber
bundle is a closely packed array of seven tubes containing compacted boron carbide pellets. To
minimize the single assembly reactivity fault, two different B-10 enrichments were used for the
primary control assemblies: natural boron (B-10 enrichment of 19.9 atom %) for the fourth row
control assemblies and 60% enriched boron for the seventh row control assemblies. For the
secondary control assemblies, natural boron was used.
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Table 11.1-2 Assembly Design Parameters of Reference ABR Cores

Fuel assembly

Oxide Metal Reflector Shield Control
Assembly data
- Number of pins 271 271 91 19 7
- Assembly pitch, cm 16.142 16.142 16.142 16.142 16.142
- Inter-assembly gap, cm 0.432 0.432 0.432 0.432 0.432
- Duct outside flat-to flat distance, cm 15.710 15.710 15.710 15.710 15.710
- Duct thickness, cm 0.394 0.394 0.394 0.394 0.394
- Gap between duct and interior duct, cm - - - - 0.400
- Interior duct thickness, cm - - - - 0.394
- Interior duct inside flat-to-flat distance, cm - - - - 13.334
- Overall duct height, cm 477.52 477.52 477.52 477.52 477.52
Pin data
- Pin material and type MOX U-TRU-Zr HT9 YB4C "B,C
- Bond material He Na - He He
- Overall pin length, cm 381.0 332.7 ©381.0/332.7 381.0/332.7 112.3/86.3
- Active core height, cm 106.7 81.3 - - -
- Pellet smeared density, % TD 85.0 75.0 - 81.0 85.0
- Pellet diameter, cm 0.627 0.557 1.541 2.553 4.193
- Cladding material HT9 HT9 - HT9 HT9
- Clad outer diameter, cm 0.755 0.755 - 3.337 4.688
- Pin pitch-to-diameter ratio 1.180 1.180 1.001 1.001 1.029
- Cladding thickness, cm 0.056 0.056 - 0.250 0.070
- Wire wrap diameter, cm 0.131 0.131 - - 0.133
Volume fraction at fabrication, %
- Fuel or Absorber 37.0 29.2 - 43.1 42.8
- Bond 2.0 9.8 - 10.1 7.6
- Structure 25.7 25.7 84.5 29.7 20.8
- Coolant 35.3 35.3 15.5 17.1 28.8

a) Natural boron was used.
b) Natural and 60% enriched boron was used for 4™ and 7™ row primary control assemblies, respectively.
c) Data for oxide and metal cores
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Figure 11.1-2 Schematics of Metal and Oxide Fuel Assemblies of Reference Cores
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The reflector assembly contains 91 solid HT9 pins arranged in a triangular pitch array. The
HT9 pin volume fraction is 75.3 % and the duct volume fraction is 9.2 %, yielding a total HT9
volume fraction of 84.5 %. The shield assembly is composed of HT9 cladding and B,C absorber.
It consists of 19 thick HT9 tubes containing boron carbide pellets. Natural boron is used with a
smeared B,4C pellet density of 81%. The resulting B4,C and HT9 volume fractions are 43.1 % and
29.7 %, respectively.

11.1.1.2 Equilibrium Cycle Performance Characteristics

Fuel cycle analyses were performed with the DIF3D/REBUS-3 code system [7,8]. Region-
dependent 21-group neutron cross section sets generated for metal and oxide fueled cores with
the ETOE-2/MC?-2/SDX code system [9-11] based on ENDF/B-V.2 were used. Using 3-
dimensional hexagonal-z geometry models, equilibrium cycle analyses were performed with
scattered loading. The fuel cycle length was fixed to one year with a capacity factor of 90%. Fuel
assembly design parameters were iteratively determined to meet the targeted neutronics
performances and the thermal design criteria. Material thermal expansion at operating conditions
was modeled by adjusting the hexagonal pitch, axial meshes, and the fuel and structure volume
fractions appropriately. Irradiation swelling of metal fuel was considered, and the bond sodium
was displaced into the lower part of fission gas plenum. For the oxide fuel, however, the axial
expansion caused by irradiation swelling was ignored. Block nuclide depletion was performed by
dividing each fuel assembly into five axial depletion zones. For flux calculations, the hexagonal-
z nodal diffusion theory option of DIF3D [12] was mainly employed. The required TRU
enrichment (i.e., TRU fraction in heavy metal) was determined such that the core is critical at the
end of equilibrium cycle. An enrichment zoning strategy was employed to flatten the power
distribution. The discharge burnup was determined by adjusting the number of batches (i.e., fuel
residence time) such that the peak fast neutron fluence is within the fast neutron fluence limit of
HT9 cladding. The main core performance parameters of metal and oxide cores are compared in
Table 11.1-3 and the core heavy metal inventory and mass flow rates are provided in Table 11.1-4.

In the metal core, the heavy metal inventory at BOEC is about 13.1 MT, which yields a
specific power density of 73.2 kW/kg. The average discharge burnup is 93 MWd/kg and the peak
discharge fast fluence is 4.09x10% n/cm?. The average TRU enrichment is 15.5 % for the startup,
and it is increased to 22.1 % for the recycled core because of a significantly lower fissile fraction
in the LWR-SF TRU feed relative to the WG-Pu. TRU conversion ratios are 0.81 for the startup
core and 0.73 for the recycled core. The resulting TRU consumption rates are 55.5 kg/year and
81.6 kg/year for the startup and recycled cores, respectively. The burnup reactivity loss is 3.6%
Ak for the startup core, and 2.2% Ak for the recycled core.

Compared to the metal core, the as-fabricated core volume of the oxide core is larger by 31%
because of the increased active core height. Thus, the core average power density is reduced to
231 W/cm?® from 303 W/cm®. The heavy metal loading increases slightly to 13.36 MT, which
decreases the specific power density to 71.2 kW/kg. The increased number of batches increases
the average discharge burnup to 111 MWd/kg. As indicated by the fast flux fraction, the neutron
spectrum is significantly softer than that of the metal core. The average flux level of the oxide
core is lower by 18% because of reduced power density. As a result, the number of batches could
be increased to five within the fast fluence limit of the HT9 cladding material. The peak
discharge fast neutron fluence is less than 3.5 x 10% n/cm?.
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Table 11.1-3 Main Core Performance Parameters

Metal Core Oxide Core
Startup Recycle Startup Recycle
LWR- LWR-

TRU Feed WG-Pu SNE WG-Pu SNE
Cycle length, month 12 12 12 12
Number of batches 4 4 5 5
Average TRU enrichment, % 15.5 22.1 18.2 27.1
Fissile/TRU conversion ratio 0.71/0.81 0.84/0.73 0.70/0.83 0.85/0.71
HM/TRU inventory at BOEC, MT 13.1/20 132/29 134/24 13.4/36
Discharge burnup (ave/peak), MWd/kg 93/136 93/138 111/168 111/172
Specific power density (MW/MT) 73.2 73.2 71.2 71.2
Average core power density at cold, kW/I 303 303 231 231
Peak discharge fast fluence, 10%%/cm? 4.07 4.09 3.42 3.45
Burnup reactivity loss, %Ak 3.6 2.2 3.5 2.0
Power peaking factor (BOEC/EOEC) 1.44/1.39 1.46/1.43 1.52/1.48 1.56/1.52
Average linear power, kW/m 23.3 23.3 18.8 18.8
Peak linear power density, kW/m 37.7 37.2 33.2 32.6
Core average flux, 10*°/cm?-sec 3.23 3.23 2.68 2.65
Fast flux fraction 0.67 0.68 0.58 0.58

The softer spectrum of the oxide core decreases the fission neutron yield per neutron
absorption (n) for fissile isotopes and the threshold fission of fertile isotopes, As a result, the
required TRU fraction to achieve the targeted one-year cycle length is increased; it is increased
to 18.2 % from 15.5% for the startup core, and to 27.1% from 22.1% for the recycled core. The
burnup reactivity losses of the oxide cores are comparable to those of the metal cores as targeted.
The combined effects of the increased TRU fraction and the softer neutron spectrum result in
similar fissile and TRU conversion ratios. Relative to the metal core, TRU conversion ratio is
slightly higher in the startup core, but slightly lower in the recycled core. The small difference in
TRU conversion ratio yield small variation in the TRU consumption rates.
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Inventory (kg)

HM
TRU

Metal Core
Startup

BOEC
13145.1
2025.6

Mass Flow (kg/year)

U

Np
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am
Cm
HM

TRU

charge
2884.7
0.0

0.1
497.8
30.8
1.9

0.1

0.0

0.0
3415.3
530.6
-55.5

Table I1.1- 4 Heavy Metal Inventories and Mass Flows

EOEC
12807.5
1967.6

discharge
2602.9
1.2

0.4
396.3
70.3
5.8

0.6

0.5

0.0
3078.0
475.1

Recycle

BOEC
13150.6
2896.7

charge
2660.3
12.0
20.3
360.4
219.5
35.3
51.4
41.8
14.3
3415.3
755.1
-81.6

EOEC
12812.6
2815.1

discharge
2404.1
8.1
17.9
321.7
200.3
30.5
45.8
33.9
15.4
3077.6
673.5
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Oxide Core
Startup

BOEC
13359.9
2445.7

charge
2297.9
0.0

0.1
479.2
29.7
1.8

0.1

0.0

0.0
2808.8
510.9
-49.4

EOEC
13027.6
2396.3

discharge
2015.3
0.9

0.4
362.8
86.9
8.6

1.0

0.9

0.1
2476.7
461.4

Recycle

BOEC
13371.9
3629.6

charge
2048.3
10.1
21.8
325.7
238.0
41.8
57.8
45.9
19.4
2808.9
760.6
-86.5

EOEC
13039.7
3543.1

discharge
1802.8
6.0
19.2
284.6
217.5
37.0
51.8
37.2
20.7
2476.9
674.1



11.1.1.3 Kinetics Parameters and Reactivity Coefficients

Reactivity coefficients and kinetics parameters were calculated for the core configurations at
the beginning of equilibrium cycle (BOEC) and the end of equilibrium cycle (EOEC). The
coolant, fuel, and structural material density coefficients and the coolant void worth were
determined using the VARI3D perturbation code [13]. The first order perturbation theory option
was used for density coefficients, while the exact perturbation theory option was employed for
the coolant void worth. The effective delayed neutron fraction and prompt neutron lifetime were
also calculated using the VARI3D code. The radial and axial expansion coefficients and the
control assembly worth were determined by direct eigenvalue differences of the base and
perturbed conditions using the DIF3D code.

In the metal core, the BOEC position of the primary control assemblies is 56.8 cm from the
bottom of the active core for the startup core and 64.3 cm for the recycled core. The EOEC
position of primary control assemblies are at the top of the active core. The critical positions of
the primary control assemblies are higher in the oxide core than in the metal core, because of the
increased active core height. For the oxide core, the BOEC positions of the primary control
assemblies are 67.6 cm and 77.5 cm for the startup and recycled cores, respectively. The
secondary control assemblies were positioned at the top of the active core all the time. Table 11.1-
5 compares the calculated kinetics parameters and reactivity coefficients.

In the metal core, the effective delayed neutron fraction (Befr) is 0.0034 for the startup core
and 0.0033 for the recycled core. The prompt neutron lifetime is about 0.37 us for the startup
core. For the recycled core, it is reduced to 0.33 ps because of the increased TRU fraction. For
both startup and recycled cores, the prompt neutron lifetime is slightly shorter at BOEC than at
EOEC due to the increased neutron absorption in the primary control assemblies. The uniform
radial expansion coefficient is around -0.38 ¢/°C, and the axial expansion coefficient is -0.05
¢/°C. The sodium void worth and sodium density coefficient are positive because the positive
spectrum hardening effect overwhelms the negative neutron leakage effect. The sodium void
worth of the recycled core is more positive than that of the startup core because of the higher
TRU fraction; i.e., the contribution of Pu-240 and Pu-242 fissions increases significantly.

Compared to the metal core, the effective delayed neutron fraction of the oxide core is
slightly smaller (~0.0031) because of the reduced threshold fission of U-238 due to softer
neutron spectrum. The increased slowing down caused by scattering with oxygen increases the
prompt neutron lifetime of the oxide core by 30%. The radial expansion coefficient becomes less
negative (-0.31 cents/°C vs. -0.38 cents/°C) because of increased active core height (i.e., larger
core height-to-diameter ratio), which reduces the axial leakage resulting from the radial core
expansion. The axial expansion coefficient is -0.05 cents/°C, which is comparable to that of the
metal core because the same radial core layout was used. The softer spectrum of the oxide core
reduces the positive spectral hardening effect, but the increased active core height of the oxide
core also reduces the negative axial leakage effect. The combined effects yield slightly less
positive sodium void worth and density coefficient compared to the reference metal core.
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Table 11.1-5 Kinetics Parameters and Reactivity Coefficients

Metal Core Oxide Core

Startup Recycle Startup Recycle

BOEC EOEC BOEC EOEC BOEC EOEC BOEC EOEC
Effective delayed neutron fraction 0.00335 0.00334 0.00329 0.00326 0.00316 0.00315 0.00312 0.00310
Prompt neutron lifetime, ps 0.36 0.38 0.32 0.33 0.48 0.50 0.41 0.42
Radial expansion coefficient, ¢/°C -0.39 -0.38 -0.38 0.38 -0.32 -0.31 -0.31 -0.30
Axial expansion coefficient, ¢/°C -0.05 -0.05 -0.06 -0.06 -0.05 -0.05 -0.05 -0.05
Fuel density coefficient, ¢/°C -0.71 -0.67 -0.70 -0.69 -0.46 -0.42 -0.46 -0.43
Structure density coefficient, ¢/°C 0.06 0.06 0.07 0.07 0.07 0.07 0.08 0.09
Sodium void worth, $ 4.44 4.93 6.30 6.64 4.28 4.81 6.10 6.40
Sodium density coefficient, ¢/°C 0.11 0.13 0.15 0.16 0.10 0.12 0.15 0.16
Doppler constant®, $ -0.70 -0.71 -0.56 -0.57 -1.54 -1.55 -1.14 -1.15
Doppler coefficient, ¢/°C -0.13 -0.13 -0.10 -0.10 -0.16 -0.16 -0.12 -0.12
Sodium voided Doppler coefficient , ¢/°C  -0.08 -0.09 -0.07 -0.07 -0.12 -0.12 -0.09 -0.09

a) Reactivity change associated the fuel temperature doubled up.
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Two sets of Doppler coefficients were calculated at flooded and voided sodium conditions.
With the approximation that the Doppler coefficients are inversely proportional to the absolute
fuel temperature, the “Doppler constant,” T(0p/0T) was calculated by doubling the average fuel
temperature, which was assumed to be 850K for the metal fuel and 1300K for the oxide core.
Doppler coefficients in Table I1.1-5 were determined by dividing the Doppler constant by the
average fuel temperature. The softer neutron spectrum of the oxide core leads to Doppler effects
that are about two times more negative than those of the metal core. Because of the higher fuel
temperature, however, the Doppler coefficient of the oxide core is only 20% more negative than
that of the metal core. For both the metal and oxide cores, the Doppler coefficient becomes less
negative when the flowing sodium is voided due to the spectrum hardening.

11.1.1.4 Orifice Zoning and Steady-State Thermal-hydraulic Performances

Reactor orifice zoning and flow allocation were determined through detailed steady-state
thermal-hydraulic analyses. Heating rates for thermal-hydraulic calculations were determined by
coupled neutron and gamma heating calculations. Region-dependent 9-group neutron cross
section set and 21-group gamma cross section set were used along with a gamma production
matrix generated with NJOY [14] and SDX codes in 9 neutron groups and 21 gamma groups.

Neutron and gamma flux calculations were performed using the triangular-z finite difference
option of the DIF3D code. Following the neutron flux calculation, the gamma source distribution
was determined with the GAMSOR [15] code. Using this gamma source distribution, the gamma
flux calculation was performed as a fixed source problem. The neutron heating distribution was
determined by multiplying the neutron flux by the neutron KERMA (Kinetic Energy Release in
MAterials) factors, and the gamma heating distribution is determined by multiplying the gamma
flux by the gamma KERMA factors. The total heating rate was appropriately normalized to the
reactor power. For the power profile calculation, burnup stage factors were also applied to
account for the discrete batch effects relative to the batch-averaged equilibrium cycle power.
That is, to account for the fact that the real power of each assembly position varies over the fuel
residence time depending on the burned stage of fuel, the expected range of assembly power was
determined for each fuel assembly position by considering the fuel compositions of individual
burned stages.

The sub-channel analysis code SE2-ANL [16] was employed for whole core temperature
calculations. SE2-ANL is a modified version of the SUPERENERGY-2 [17] thermal-hydraulic
code interfaced with Argonne heating calculations. The SUPERENERGY-2 code is a multi-
assembly, steady-state sub-channel analysis code designed specifically to perform efficient
calculations of the detailed core-wide coolant temperature profiles in sodium cooled fast reactor
core geometries. At Argonne, reactor hot spot analysis methods as well as fuel and cladding
temperature calculation models have been added to the original version of SUPERENERGY-2
[18,19]. Both nominal and two-sigma temperatures are calculated for the fuel and cladding. The
nominal fuel and cladding temperatures are obtained by solving a steady-state one-dimensional
conduction equation. The two-sigma temperatures are calculated using the semi-statistical
method. SE2-ANL calculates the power densities for individual fine mesh intervals and
determines the linear heat generating rates and power profiles of individual pins and duct wall
faces by interpolating these fine mesh power densities. For the power profile calculation, burnup
stage factors are also applied to account for the discrete batch effects relative to the batch-
averaged equilibrium cycle power. That is, to account for the fact that the real power of each
assembly position varies over the fuel residence time depending on the burned stage of fuel, the
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expected range of assembly power was determined for each fuel assembly position by
considering the fuel compositions of individual burned stages.

The batch-averaged and fresh assembly power distributions at BOEC and EOEC are shown
in Figures from 11.1-5 to 11.1-8. The batch-averaged power is the average power of each
assembly position by using a homogenized mix of all the burned stages of fuel. The fresh
assembly power denotes the power of each assembly position when it is occupied by a fresh
assembly. For both metal and oxide cores, about 12% of total power is generated by gamma
heating and the power fraction of non-fueled assemblies is about 2%.

The power shift from BOEC to EOEC is noticeable in the startup core because of the
movement of primary control assemblies; the power decreases by 7% for the metal core and 10%
for the oxide core near the core center and increases by 4% for the metal core and 12% for the
oxide core around primary control assemblies. This power shift from BOEC to EOEC is smaller
for the recycled core because of the reduced stroke of the primary control assemblies. As can be
seen, the power of fresh fuel assemblies is significantly higher than the batch-averaged assembly
power. In the startup core, the average power increase in fresh fuel assemblies is 6 — 7% for the
metal core and 8 — 9% for the oxide core. This power increase in fresh assemblies is smaller in
the recycle core due to reduced fissile content in fresh fuel; ~4% for the metal core and ~5% for
the oxide core.

The orifice zoning of assemblies and the flow allocation to the assemblies in each orifice
zone were iteratively determined with the overall goal of equalizing pin cladding damage accrual
and thus pin reliability. The coolant inlet and bulk outlet temperatures were assumed at 355°C
and 510°C, respectively. The average flow rate was determined such that the coolant temperature
rise across the core is 155°C. The fuel assemblies were grouped into six orifice zones for both
metal and oxide cores. In the metal fuel core, the assembly flow rates were determined such that
the peak 2-sigma cladding inner-wall temperatures of individual orifice zones over the one-year
cycle are approximately equal to each other. For the oxide core, the 2o cladding mid-wall
temperatures corresponding to the peak 2c- fuel centerline temperatures were approximately
equalized. The non-fueled assemblies were grouped into eight orifice zones, and the flow rates
were determined in proportion to the heating rates in order to obtain uniform coolant outlet
temperatures. The same orifice zoning of non-fueled assemblies was used for both the startup
and recycled cores, but the fuel assemblies were grouped slightly differently. Temperature
calculations were performed using the fresh fuel assembly power (i.e., the maximum power over
fuel residence time) for every fuel assembly position. Hot channel factors were also included in
temperature predictions to account for core design, analysis, fabrication and operational
uncertainties and variations. Figures 11-1.9 and 11.1-10 show the resulting orifice zones and
assembly flow rates of the metal and oxide cores, respectively.
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Figure 11.1-11 shows the peak 2-sigma cladding inner wall temperatures of the metal core. In
the startup core, the maximum of these peak 2-sigma cladding inner wall temperatures occurs in
inner core assemblies in the fourth row at BOEC, and moves to outer core assemblies in the
seventh row at EOEC. In the recycled core, this maximum occurs in outer core assemblies in the
seventh row at BOEC and in inner core assemblies in the third and fifth rows at EOEC. The
overall peak 2-sigma cladding inner wall temperature during a cycle is 632.3°C in the start-up
core and 623.7°C in the recycled core. These peak temperatures are lower than the fuel-cladding
eutectic temperature of typical ternary metal fuel (650°C) with a sufficient margin; 18 °C for the
startup core and 26°C for the recycled core.

Figures 11.1-12 and 11.1-13 present the minimum 2-sigma margins to fuel melt of the metal
and oxide cores, respectively. The overall minimum 2-sigma margin to fuel melt occurs at an
outer core assembly in the seventh row for both metal and oxide cores. The minimum 2-sigma
margin of the metal core is 187°C for the startup core and 97°C for the recycled core. The
recycled metal core has a smaller margin since the higher TRU enrichment reduces the solidus
temperature of ternary metal fuel. The minimum 2-sigma margin of the oxide core is 694°C for
the startup core and 727°C for the recycled core.

The mixed average coolant outlet temperatures of individual assemblies are shown in Figures
11.1-14 and 11.1-15. The coolant outlet temperatures of fuel assemblies are higher than the
average core outlet temperature of 510°C, since the fresh assembly heating rates were used for
all the fuel assemblies with the nominal flow rates. Considering the differences in power
between fresh and burned fuel assemblies, it was estimated for both the startup and recycled
cores that the coolant outlet temperature of an assembly would not differ by more than 44°C
from the average temperature of six surrounding assemblies. Thus, the coolant outlet temperature
distribution would not violate the maximum allowable stresses in the reactor upper internal
structure resulting from sodium mixing effects.

Figures 11.1-16 and 11.1-17 show the pin bundle pressure drops of individual fuel assemblies.
For the metal core, the maximum pressure drop across the pin bundles is 45.5 psig in the startup
core and 43.6 psig in the recycled core. Compared to the metal core, the maximum pressure drop
of the oxide core is increased to 55 psig in the startup core and 53 psig in the recycled core
because of the increased pin bundle height.
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Figure 11.1-12 Minimum 2c Margins to Fuel Melt of Metal Core (°C)
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11.1.1.5 Spent Fuel Characteristics

To provide necessary data for designing the fuel-unloading machine and shielded fuel cask,
spent fuel characteristics were estimated. Using the ORIGEN-2 code [20], the decay heat was
calculated for a time span from charge to 20 years after discharge. The one-group cross sections
determined from REBUS-3 equilibrium cycle calculations were used for actinide isotopes, and
the FFTF one-group cross section library of the ORIGEN-2 code package was used for other
isotopes. It was confirmed that the use of the actinide cross sections derived from REBUS-3
calculations yields consistent depletion results between ORIGEN-2 and REBUS-3 calculations
(the difference in the heavy metal masses at discharge burnup between ORIGEN-2 and REBUS-
3 calculations was generally less than 1.0%).

Table 11.1-6 presents the decay heat of ABR spent fuel assemblies depleted up to the average
discharge burnup. For metal core, the decay heat per assembly is 0.32 — 0.33 MW, which is
equivalent to about 5.7 — 5.8 % of the average fission power. The decay heat per assembly of the
oxide core is slightly higher than that of the metal core because of the higher discharge burnup,
and the higher TRU enrichment of the recycled core increases the decay heart compared to the
startup core. Figure 11.1-18 shows the decay heat of ABR discharged fuels as a function of post-
irradiation decay time. The decay heat decreases rapidly with post-irradiation decay time, since
short-lived fission products are dominant contributors to decay heat.

Table 11.1-6 Decay Heat of ABR Spent Fuel Assemblies with Average Discharge Burnup

Metal Core Oxide Core
Startup Recycle Startup Recycle
Charge TRU enrichment (%) 155 22.1 18.2 27.1
Average discharge burnup (MWd/kg) 93 93 111 111
Initial HM mass per assembly (kg) 75.9 75.9 78.1 78.1
Decay heat fraction of rated power (%) |5.7 5.8 5.7 5.9
Fresh fuel 0.03 1.29 0.03 1.89
0 day 316.3 323.2 318.0 326.4
10 day 14.0 17.5 14.1 19.0
Decay heat 1 month 0.1 12,5 9.1 13.8
per Time after |3 month 5.6 8.4 5.7 9.6
assembly .
(KW) discharge |1 year 2.3 3.8 2.4 4.6
3 year 0.7 1.6 0.8 2.2
5 year 0.3 1.2 04 1.7
20 year 0.2 0.8 0.2 1.1
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[1.1.2 Upper Internals Structure

The upper internals structure (UIS) is a package of hardware suspended from the rotatable
plug to about 3 in. above the core assemblies. The functions of the UIS are to:

1. Support shroud tubes containing the primary and secondary control rod drivelines;

2. Preserve critical alignments between these drivelines and the core lattice, under
normal and off-normal (including seismic) conditions;

3. Route and support thermocouples for temperature surveillance of core assemblies;

4. Route and support other instrumentation such as loose-parts monitors and delayed-
neutron sampling stations;

5. Produce sufficient coolant mixing to mitigate thermal transients to downstream
components;

In the present design, outlet thermocouples cover most of the fuel assemblies, and some of
the reflector assemblies, and no shield assemblies. Instrument posts of several different
geometric configurations are needed when the requirement exists to monitor all heat generating
core assemblies. When this requirement is relaxed, however, instrument posts can be dispensed
with. In addition to the obvious cost reduction, this is an important design change because
thermal striping studies on the CRBR UIS have shown the instrument posts to be the components
most vulnerable to thermal fatigue under steady state operating conditions. Additional thermal
striping tests are needed for confirmation, but at this time it is believed that the elimination of
instrument posts could allow the entire UIS to be constructed of austenitic stainless steel.

Figure 11.1-6 illustrates the present reference UIS design. The outer boundary is a 2.2 meter
diameter shroud (essentially the outside diameter of the core assemblies) with large-hole
penetrations over part of its length. The penetrations release the core effluent horizontally to the
hot pool from which it travels upward and then to the inlets of the two IHXs. Within the shroud
are 14 - 4 in. outer diameter control rod shroud tubes. Three inches is the nominal gap between
the core assemblies and the bottom of the shroud tubes and UIS shroud. The shroud tubes are
perforated for the release of coolant to the hot pool at an elevation close to the free surface. The
radial position of the shroud tubes is fixed by at least three horizontal guide plates, welded to the
UIS shroud. The lower guide plate is close to the core assemblies and is perforated to permit
about 85% of the core effluent to reach the region between guide plates. The balance either goes
up the shroud tubes or leaks through the 3 in. peripheral gap. In the region between guide plates
are located five loose-parts monitors (high-temperature submersible microphones attached to the
outside of selected shroud tubes) and delayed neutron sampling stations attached to all shroud
tubes. The latter are part of the failed element detection and location (FEDAL) system.
With minimal horizontal mixing of core effluent upstream of the sampling stations, it is
expected that the location of a badly breached fuel element can be coarsely identified by the
relative signal strengths from these sampling stations. Flow tests are necessary to better establish
the expected performance of this part of the FEDAL system.

The upper guide plate is not perforated except for clearances at the 10 shroud penetrations
to permit sliding due to differential thermal expansion. The upper guide plate is located
high within the upper internal structure. Thus, almost all of the core effluent is forced to enter
the hot pool at least 4 ft below the nominal hot pool operating level. This should meet the
objective of maintaining a quiet entrainment-free surface. If future flow tests reveal an
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undesirable degree of surface agitation, the upper guide plate can be dished, concave
downward, to further suppress any upward flow vectors of sodium leaving the UIS.

Core assembly outlet sodium temperature is monitored by chromel-alumel, stainless
steel sheathed, ungrounded thermocouples. These thermocouples are replaceable and
installed in helium-filled wells. The thermocouple wells are positioned 3 in. above the centerline
of adjacent fuel assemblies. The outside surface of the control rod shroud tubes serves also to
support the delayed neutron sampling lines and the leads and oxygen vent lines for the loose
parts-monitoring microphones. In the stagnant zone above the upper guide plate, all of these
instrument lines are gathered into six instrument conduits which penetrate the rotatable plug.
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The UIS design provides backup mechanical hold-down protection, even though this is not
considered a design requirement. In the event of a hydraulic liftoff of a fuel or internal blanket
assembly, due to a non-mechanistic failure of the hydraulic hold-down system, the assembly
would be stopped in 3 in. by the bottom of a shroud or dummy shroud tube if the assembly in
question is one of the assemblies that are instrumented. Any of the others would be stopped by
the middle guide plate. Radial reflectors and radial shield assemblies have a sufficiently low
pressure drop that their liftoff is precluded by dead weight.

Aside from being a convenient shape to support surveillance thermocouples, the funnel-
shaped lower ends of the control rod shroud tubes capture part of the coolant from the adjacent
assemblies. The drivelines are exposed to this effluent for most of their length, before the coolant
is released to the hot pool through holes near the top of the shroud tubes. In a hypothetical
unprotected loss-of-flow transient, it is expected that this hot effluent will cause some
beneficial insertion of absorber material into the core by thermal expansion of the drivelines.

[1.1.3 Lower Internals Structure

The reactor core barrel assembly consists of the core barrel, core grid, and the inlet plenum
structure. The core barrel and cover assembly is not leak tight, and permits a certain amount of
the inlet sodium to leak into the bulk primary coolant. This feature promotes the establishment of
natural circulation cooling of the core in the event of loss of the primary pumps.

The lower internals structure (LIS) supports the reactor inlet plenum, the core assemblies, the
fixed radial shielding, the redan, the 4 sodium inlet pipes, and various shields, brackets and
baffles as shown in Figure 11.1-7. It is designed to withstand seismic events with acceptable
stresses and deflections. The LIS contains the inlet coolant flow distribution system that controls
the rate of flow to the core assemblies. This distribution system consists of a doughnut-shaped
manifold, or torus, and associated piping, that encircles the inlet coolant plenum. The plenum or
grid assembly does not have a high and low pressure plenum. The core assemblies are
individually orificed to provide sufficient flow through the fuel assemblies, reflector assemblies,
and shield assemblies. Four large pipes carry coolant from the primary pumps into the torus. A
total of 12 short, smaller pipes distribute the coolant from the torus into the inlet plenum.

The lower internals structure consists of the core barrel, core grid, and the inlet plenum
structure. The entire assembly is supported on the core support structure as shown in Figure 11.1-
1.
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Figure 11.1-7 Schematic of Lower Internal Structure

[1.1.4 Core Restraint System

The core restraint system consists of distributed passive hardware features which, acting

together, must meet the following functional requirements:

1. Establish the positions of the individual core assemblies in the horizontal plane;

2. Control horizontal movements of core assemblies arising from thermal expansion
effects, irradiation-induced swelling, and irradiation-enhanced creep, in such a way
that reactivity effects are acceptable and control rod driveline alignments are
maintained within specified tolerances;

3. Accommodate horizontal seismic motions within alignment and stress specifications;
and

4. Maintain sufficient clearances in the horizontal plane to allow for fuel handling
within specified vertical withdrawal and insertion force limits.

The design choices representing the major decisions in the design of a passive core restraint

system are:

1. Length and stiffness of the core assembly lower adapters;

2. Lower Internals Structure interface with the core assembly lower adapters -
clearances, seals, and number of support points (1 or 2);

3. Number, location, configuration and height of the core assembly load pads;
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4. Rigidity of the peripheral boundary - stiff radial shield assemblies or a rigid, shaped,
core former ring attached to the core barrel,

5. Allowable vertical core assembly insertion and withdrawal loads.

The major challenge in core restraint design is to find the "design window" which contains
sufficient clearance for fuel handling (even when core assemblies are bowed due to swelling and
creep effects) and sufficient tightness or stiffness for adequate radial-position control. The
thermal contraction produced by the cool down to refueling conditions is very important in
creating this window of design feasibility.1 Under refueling conditions, the sum of these side
loads, times the coefficient of friction yields the required initial withdrawal force over and above
the dead weight.

The two core restraint system design strategies are referred to as the "limited free bow™
approach and the "free-flowering core.” The first, used in FFTF and CRBR, employs a short
lower adapter horizontally restrained in the lower internals structure (LIS) at one point (the lower
end), and rigid core formers at the two elevations of core assembly load pads -- one near the top
end and one about 4 in. above the fueled zone. The second, used in EBR-II, Phenix and
SuperPhenix, employs a long lower adapter horizontally restrained in the LIS at two points, and
the "fence" of stiff and essentially isothermal radial shield assemblies constitutes the peripheral
restraint.

The ABR design borrows features from both approaches. The relatively long lower adapter
fits into a cylindrical perforated sleeve in the inlet plenum. A ball-and-cone seat at the transition
from the cylindrical lower adapter to the hexagonal duct provides the coolant seal, load support,
and a positive horizontal restraint point. Close clearance between the bottom of the lower adapter
and the lower internal structure sleeve provides limited-movement horizontal restraint.

A rigid core former ring at the elevation of the top load pads provides positive peripheral
restraint. The ring has enough clearance, relative to a tight array of assemblies, to permit removal
and replacement of individual assemblies by the in-vessel transfer machine (IVTM), yet is tight
enough so that the freedom of assemblies to move does not have adverse reactivity or alignment
implications. The inner diameter of the ring is shaped so as to achieve flush contact with the
outermost assemblies. The core former ring is welded to the inner diameter of the core barrel, to
which the Upper Internals Structure is attached during operation with a system of retractable
keys (not shown), thus assuring control and safety rod drive-train alignments. Each core
assembly is equipped with a second load pad centered 4 in. above the fueled zone of the reactor,
but no peripheral core former ring is present at this elevation. Normally the core assemblies
contact one another only at the two load pads, which completely circumscribe the hexagonal
ducts. The duct is 15.71 cm across flats and the lattice pitch (also the hot across-flat dimension of
the load-pads) is 16.142 cm. The 0.432 cm clearance between ducts is provided to prevent
general contact at end of life due to swelling, creep (rounding of the flats), and differential
bowing, but the adequacy of this clearance needs to be confirmed by analysis.

! A tool that can be used in core restraint design is the NUBOW-3D computer code. It calculates
the elastic and inelastic effects on the shape of individual core assemblies in a 3-D representation
of the whole core or typical sector thereof, the reactivity effects associated with short or long
term movements from one set of equilibrium positions to another, and the side loads at all
contact points. Because of time constraints, NUBOW-3D was not activated for this reference
plant concept development.
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The IVTM, described elsewhere, has certain capabilities important to meeting the functional
requirements of the core restraint system. The gripper assembly contains a "holddown and
spreader” feature which facilitates fuel handling even when the core assemblies are distorted.
The holddown provision prevents inadvertent lifting of any of the six assemblies surrounding the
one being removed. The spreader feature, pioneered in EBR-II, has proven very useful in
concentrating available clearances to the immediate vicinity of the core assembly being removed
or the hexagonal hole into which a new assembly is being inserted. All components of the IVTM,
and the core assemblies themselves, have ample margin beyond the planned administrative limit
on insertion/withdrawal forces of greater than 1000 Ib. excluding dead weight.

[1.1.5 Reactivity Control Requirements and Shutdown Margins

Two independent safety-grade reactivity control systems were adopted for the reference ABR
core concepts (see Figure I1.1-1). The primary control system is required to have sufficient
reactivity worth to bring the reactor from any operating condition to cold sub-critical at the
refueling temperature with the most reactive control assembly stuck at the full power operating
position. Any operating condition means an overpower condition together with a reactivity fault.
The primary control system also serves to compensate for the reactivity effects of the fuel burnup
and axial growth of metal fuel. The reactivity associated with uncertainties in criticality and
fissile loading is accommodated by the primary control system. The secondary control system is
required to shutdown the reactor from any operating condition to the cold shutdown, also with
the most reactive assembly inoperative.

To estimate the control requirements and shutdown margins, the reactivity worth was
calculated for various combinations of control assemblies inserted, and the stuck-assembly worth
was estimated for each control assembly. The maximum single assembly reactivity faults were
also estimated from the reactivity worth curves of primary system control assemblies. To account
for the interaction effects of control assemblies, the maximum worth of each control assembly
was determined by withdrawing it from the configuration where all the primary or secondary
control assemblies are inserted. Table I1.1-7 presents the calculated control assembly worth for
various combinations of control assemblies.

Figures from 11.1-19 to 11.1-22 show the primary system reactivity worth curves. The solid
curve denotes the core reactivity as a function of control rod tip position from the bottom of the
active core for the case where all the primary control assemblies are moving together. At the full
power operating condition, only the fuel cycle excess reactivity is held down by the primary
control system. The critical primary control assembly positions are indicated by the dashed
vertical lines, and the dashed curve represents the reactivity worth of the most reactive control
assembly, which is one of the fourth row control assemblies. The reactivity insertion by the
complete withdrawal of the most reactive control assembly from its critical position (maximum
single rod fault) is similar for the metal and oxide cores as ~0.70$ for the startup core and ~0.4$
for the recycled core.

The control requirements were estimated by accounting for the axial expansion effect,
temperature and power defects, overpower margin, and several uncertainties along with the
burnup reactivity loss. The temperature and power defects were estimated with assumed coolant

inlet temperature of 355 °C and conservatively assumed refueling temperature of 205 °C. Table
11.1-8 presents the calculated temperature and power defects.
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The reactivity worth requirements and available reactivity of the primary and secondary
control systems of the reference ABR core concept are provided in Tables 11.1-9 and 11.1-10,
respectively. The axial irradiation growth of oxide fuel was ignored, while a 5% axial growth
was assumed for the ternary metal fuel. The adopted overpower margin and the uncertainties
were 3% overpower margin, 20% uncertainty for temperature defect, 15% uncertainty for burnup
reactivity, and 20% uncertainty for fuel axial growth, and 1.0$ uncertainty for each of the critical
prediction, fissile loading and refueling. In addition, 1.80% and 1.30$ of additional margins are
included at BOEC and EOEC reactivity worth requirements.

In the metal core, the burnup reactivity loss is about 10.4$ and 6.4$ for the startup and
recycled cores, respectively. The estimated temperature and power defects at BOEC are 1.23 and
1.05$ for the startup and recycled cores, respectively. The overpower margin is allocated to
permit the reactor to operate at 103% of the rated power, which is less than 0.02$ for both startup
and recycled cores. The axial growth reactivity is 0.45% for the startup core and 0.58$% for the
recycled core. The total control requirement for the primary control system is 16.9$ for the
startup core and 12.3% for the recycled core. The total control requirement for the secondary
control systems is less than 1.6$.

The oxide core has similar overpower margin, reactivity fault, and uncertainties as the metal
core. On the other hand, the axial swelling effect is negligible, but the temperature and power
defects are increased because of higher fuel temperature and larger Doppler feedback. The
burnup reactivity loss is also slightly higher for the startup core. As a result, the reactivity control
requirement for the primary control system becomes slightly larger for the startup core (17.5$),
but slightly smaller for the recycled core (11.9%). The total reactivity control requirements for the
secondary control systems are 2.4% and 1.9$ for the startup and recycled cores, respectively.
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Primary system

- All assemblies

- All assemblies except one in 4th row
- All assemblies except one in 7th row
- All assemblies except one in 4th and
one in 7th row

Secondary system

- All assemblies

- All assemblies except central one

- All assemblies except one in 4th row

One stuck assembly worth
- Most reactive primary assembly
- Most reactive secondary assembly

Table 11.1- 7 Control Assembly Worth ($)

Inserted
assemblies

15
14
14
13

W w b
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Metal Core
Startup Recycle
BOEC EOEC BOEC EOEC
39.5 40.2 37.7 37.8
35.2 355 33.6 334
36.1 37.0 34.5 34.9
32.0 32.6 30.6 30.7
9.5 10.4 9.2 10.1
7.5 8.2 7.2 7.9
6.9 7.6 6.8 7.3
4.4 4.7 4.1 4.4
2.6 2.8 2.5 2.7

Oxide Core
Startup Recycle
BOEC EOEC BOEC EOEC
38.8 39.3 36.4 36.2
34.3 34.6 324 31.9
35.2 35.9 33.1 33.2
31.1 31.6 29.3 29.2
8.7 9.4 8.1 8.9
6.9 7.4 6.5 7.0
6.2 6.8 5.8 6.4
4.4 4.7 4.1 4.3
2.4 2.7 2.3 2.5
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Table 11.1-8 Temperature and Power Defects ($)

Metal Core Oxide Core
Start-up Recycle Start-up Recycle

BOEC EOEC BOEC EOEC BOEC | EOEC BOEC EOEC
Hot full power to hot standby
Doppler 0.30 0.29 0.23 0.23 0.92 0.94 0.69 0.69
Axial expansion 0.04 0.04 0.05 0.04 0.03 0.04 0.04 0.04
Radial expansion 0.30 0.30 0.30 0.30 0.24 0.23 0.24 0.23
Sodium density -0.09 -0.10 -0.12 -0.13 -0.08 -0.09 -0.11 -0.12
Total 0.55 0.55 0.46 0.45 1.12 1.12 0.85 0.84
Hot standby to refueling
Doppler 0.20 0.19 0.15 0.15 0.24 0.24 0.18 0.18
Axial expansion 0.07 0.08 0.10 0.08 0.06 0.08 0.08 0.08
Radial expansion 0.58 0.58 0.58 0.57 0.47 0.45 0.47 0.45
Sodium density -0.17 -0.19 -0.23 -0.25 -0.16 -0.18 -0.22 -0.24
Total 0.68 0.66 0.59 0.56 0.61 0.59 0.49 0.47
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Table 11.1-9 Shutdown Margin of Primary Control System ($)

Metal Core Oxide Core
Startup Recycle Startup Recycle
BOEC EOEC BOEC EOEC BOEC EOEC BOEC EOEC
Number of control assemblies 15 15 15 15 15 15 15 15
Total worth 39.5 40.2 37.7 37.8 38.8 39.3 36.4 36.2
Worth with one stuck assembly 35.2 35.5 33.6 334 34.3 34.6 32.4 31.9
Reactivity control requirement 16.9 4.0 12.3 3.8 17.5 4.5 11.9 4.1
- Temperature defect 1.23 1.20 1.05 1.01 1.73 1.71 1.34 1.30
= HFP to hot standby 0.55 0.54 0.46 0.45 1.12 1.12 0.85 0.84
= Hot standby to refueling 0.68 0.66 0.59 0.56 0.61 0.59 0.49 0.47
- Burnup reactivity loss 10.38 6.43 10.83 6.35
- Fuel axial growth (5%) 0.45 0.58
- Overpower margin (3%) 0.02 0.02 0.01 0.01 0.03 0.03 0.03 0.03
- Reactivity fault 0.70 0.39 0.71 0.37
- Uncertainties (RMS) 2.34 1.43 1.99 1.43 2.40 1.45 1.99 1.44
= Temperature defect (20%) 0.25 0.24 0.21 0.20 0.35 0.34 0.27 0.26
= Burnup reactivity (15%) 1.56 0.96 1.62 0.95
= Fuel axial growth (20%) 0.01 0.01 0.00 0.01
= Criticality prediction 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
= Fissile loading 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
= Refueling 1.00 1.00 1.00 1.00
- Other margin ¥ 1.80 1.30 1.80 1.30 1.80 1.30 1.80 1.30
Shutdown margin 18.2 31.5 21.3 29.6 16.8 30.1 20.5 27.8

a) Additional margins such as shutdown margin (1$), ATWS reactivity (0.3$), and fast runback margin (0.5%).
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Table 11.1-10 Shutdown Margin of Secondary Control System ($)

Metal Core Oxide Core
Startup Recycle Startup Recycle
BOE EOE BOE EOE BOE EOE BOE EOE
C C C C C C C C

Number_of control 4 4 4 4 4 4 4 4
assemblies
Total worth 9.5 10.4 9.2 10.1 8.7 94 8.1 8.9
D 1) @0 SIS 6.9 76 6.7 73 6.2 6.8 5.8 6.4
assembly
Control requirement 1.6 1.6 1.4 1.3 2.4 2.4 1.9 1.8
- Temperature defect 1.23 1.20 1.05 1.01 1.73 1.71 1.34 1.30
- Overpower margin (30%) 0.16 0.16 0.14 0.13 0.34 0.34 0.26 0.25
- Temp defect uncertainty 0.25 0.24 0.21 0.20 0.35 0.34 0.27 0.26
(20%)
Shutdown margin 5.3 6.0 5.3 6.0 3.8 4.4 3.9 4.6
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The shutdown margins of primary and secondary control systems were determined with the
assumption that the most reactive assembly is stuck. The minimum shutdown margin of the
primary system is ~18% for the metal core and ~17$ for the oxide core. The minimum shutdown
margin of the secondary control system is ~5$ for the metal core and ~4$ for the oxide core.
These shutdown margins are more than adequate.

The control-rod driveline expansion coefficients for reactivity feedback were estimated from
Figures 11.1-19 to 11.1-22. Control rod expansion coefficients are governed principally by the
total rod worth and the insertion depth of the assemblies. For the metal core, the calculated
control-rod expansion coefficient of the startup core is 49 - 51 ¢/cm at BOEC and 26 - 28 ¢/cm at
EOEC. For the oxide core, the coefficients are reduced because of elevated control assembly
position; 35 — 38 ¢/cm at BOEC and 16 - 18 ¢/cm at EOEC.
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[1.2 Reactor Enclosure System

[1.2.1 Reactor Vessel

The reactor vessel assembly is comprised of the reactor vessel, top closure head (or deck),
the rotatable plugs. the guard vessel, the vessel/deck support structure, the core support structure,
core barrel, thermal barriers, shielding, the redan, and other permanent internal structures. The
design is based on the experience of the reactor vessels used for the EBR-I1I, Phenix, PFR, and
SuperPhenix LMR reactor plants. A major difference, however, is that the design concept shown
here separates the reactor and guard vessels, and also employs a conical ring support structure
that avoids the need for welding dissimilar metals. There are no penetrations in the reactor
vessel; all equipment—IHXs, pumps, piping, instrumentation, cold traps, fuel handling
equipment, and other components---penetrate the top closure head, or deck. The entire reactor
vessel assembly is located in a steel-lined concrete cavity in the reactor containment building.
The top of the reactor vessel deck is approximately at grade level. The reactor vessel assembly
constitutes the primary sodium coolant system boundary that envelopes and supports the reactor
core, reactor vessel internals, and all of the primary system components. There is an inert gas
(argon) blanket between the reactor vessel deck and the bulk sodium free surface.

The design of the reactor vessel assembly incorporates appropriate measures and details that
will facilitate fabrication, construction, and operational maintenance. The design incorporates
recommendations made by an experienced reactor vessel fabricator on a similar concept
developed at ANL. In addition, removal of any component for repair or replacement follows a
common scheme, i.e., use of a heavy-shielded cask placed over the piece of equipment, sealed to
the component support flange in the deck, and lifting the equipment up into the cask.

The arrangement of the reactor vessel assembly components is shown in Figures 11.2-1 and
11.2-2.

The reactor vessel assembly is designed to:
e Provide a very high level of reliability of primary sodium containment.

e Provide support for the reactor core, reactor vessel internals, primary system
components, and certain components of the fuel handling system

e Accommodate high static loads at design temperatures.
e Accommodate loads from design basis natural hazards.

e Accommodate loads from design basis accidents, including dynamic loads and
thermal transients.

e Minimize the dead load deflections and thermal distortions (e.g., bowing of the deck
structure) to assure positive equipment alignment.

e Provide a structure that can be field-erected to stringent tolerances

e Ensure symmetrical radial thermal expansion of the reactor vessel assembly about its
vertical center axis.

e Provide reliable positioning of supported components (e.g., pumps, IHXs, etc.).
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[1.2.1 Reactor Vessel

The reactor vessel is constructed of austenitic stainless steel, Type 304. Low carbon stainless
steel will be specified for the formed bottom head of the reactor vessel. The cylindrical shell and
bottom head have an inside diameter of 46 ft-1 % in (14.06 m) and a thickness of 2 in (5.08 cm)
for both the cylindrical shell and the torospherical bottom head®. The overall height of the
reactor vessel is 48 ft-5 %in (14.77 m). The reactor vessel contains essentially all of the
radioactive primary sodium coolant, except for that sodium contained in the sodium purification
system. The reactor vessel is suspended at its top flange on the conical support ring (frustum)
that also provides support for the RV deck. The use of bolting to attach the RV and the deck to
the support frustum avoids the necessity of using bi-metallic welds to join the vessel and support.

2 A torospherical head consists of a torodial transition piece connected to a spherical bottom
shell. This unit is then attached to the reactor vessel vertical walls. A torospherical head is
shallower than a spherical bottom head and thus will reduce the overall height depth of the
reactor vessel.
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The height of the reactor vessel is established from the fuel assembly length, the intermediate
heat exchanger (IHX) length, and the need to keep the IHX inlet covered by primary sodium in
the event of a leak in the reactor vessel that would drain the primary sodium into the guard
vessel, resulting in a drop in the sodium level. This “faulted” primary sodium level is indicated
in Figure 11.2-1. The diameter of the reactor vessel is established from the core diameter and
IHX characteristics with respect to sodium hydraulic and heat transfer requirements and the
requirement to have the capability to remove primary system components, such as the IHX,
primary sodium pumps, and the direct reactor auxiliary cooling system (DRACS) heat
exchangers.

The reactor vessel will be designed in accordance with the requirements of the ASME B&PV
Code, Section 111, Division 1, Subsection NB-Class 1, Seismic Category I.® In addition to the
dead loads of the weight of the primary sodium, primary system equipment, and all loads from
the core support structure, the design will meet the ASME Code requirements for normal and
transient thermal loads, and from loads and displacements resulting from design basis
earthquakes.

I1.2.2 Reactor Vessel Top Enclosure (Deck)

The reactor vessel top enclosure (referred to as the deck), forms the top head of the reactor
vessel. The major functions of the deck are: (1) to provide the upper boundary for the primary
sodium coolant and cover gas; and, (2) to provide structural support for all of the equipment
penetrating the top of the reactor vessel, including the rotatable plugs, IHXs, pumps, and the
Direct Reactor Auxiliary Cooling System (DRACS). In turn, the deck transfers the weight of the
reactor vessel and deck and all of their contents to the vessel/deck support, and then to the
reactor cavity concrete structure. It also provides thermal and radiation shielding. Thus, the
structural integrity of the deck is an important element of the overall safety of the reactor design.

The design goals and functions for the deck are:

e Accommodate all dead loads, including the weight of the deck and all supported
equipment.

e To provide a high degree of structural redundancy.

e To provide a high level of structural stiffness, such that vertical deflections of
equipment are acceptably low.

e To provide a leak-tight barrier between the primary sodium cover gas and the
operating floor of the Reactor Containment Building.

e To provide adequate biological shielding to allow personnel access to the area above
the reactor vessel deck structure.

e To provide for the effects of the Design Basis Earthquakes, for both horizontally and
vertically applied loads.

% If it should happen that, under certain accident or upset conditions, the temperature of some
regions of the reactor vessel exceeds 800F, the vessel will need to be designed to meet the
requirements of Subsection NH of the ASME B&PV Code, Section I1l. This may also lead to a
decision to change the vessel material to Type 316 SST.
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To accommodate thermal stresses and displacements resulting from the very large
temperature drop across the deck.

To provide thermal shielding between the top of the sodium cover gas and the deck
structure.

To provide a structure that is feasible to fabricate onsite, and a design that allows
reasonable access for Inservice Inspection (I1SI) during the life of the plant.

The design concept selected for this reference plant design is a welded stressed-skin, box
type structure. It is a concept used on SuperPhenix and for some U.S. plant studies performed
several years ago. The box-beam concept selected for this reference plant has several very
desirable attributes:

The box beam structure is highly redundant, i.e., failure of a local structural element
does not lead to failure or collapse of the deck. In one study done by the General
Electric Company (GE)4, they used this concept and found that analysis showed that
complete failure of the bottom plate (or *“skin”) would not lead to collapse of the
deck.

Adequate stiffness is achieved with modest stress levels without resorting to massive
structures that would be difficult to fabricate and erect.

The design has considerable margin to accommodate accident conditions, such as
abnormal cover gas pressures and loss of deck cooling.

The concept is compatible with a simple conical support skirt which can
accommodate both applied seismic loads and differences in temperature between the
deck and the reactor building steel-lined walls.

The design can accommodate the use of gas cooling in the interior of the deck
structure.

The design can accommodate access to important structural elements for ISI and
maintenance.

The design concept provides considerable flexibility in the arrangement of reactor
components located on the deck.

It appears that the concept has excellent potential for extrapolation to larger sizes
required for large LMR plants. (Indeed, this concept was used on the French
SuperPhenix reactor plant which was a 1200 MWe LMR plant. In addition, in the GE
study cited above they concluded that the concept would be appropriate for LMR
plants of at least 1500 MWe capacity.)

The current design of the deck is shown in Figure 11.2-3. It has an outer diameter of 47 ft-7 in
(14.5 m) and a depth of 8 ft- 2 in. (2.49 m). The material for the deck is SA-516 Grade 70 carbon
steel. It is constructed of steel plates, rings, and penetration cylinders, all welded together to form
a conservatively designed, highly redundant structure, that supports all applied loads (including
seismic loads) with very small deflections. With the exception of the central cylindrical ring, all
of the steel plates and rings are 1.5 in (3.81 cm) thick to avoid the need for onsite stress relieving.

4 “Pool-Type LMFBR Plant 1000 MWe, Phase A Design’, by General Electric Company (GE),
EPRI NP-646, April, 1978.
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The central ring is 6 in (15.2 cm) thick. The space inside the box structure is divided into many
chambers by the ribs (vertical plates) that connect the top and bottom plates and the inner, outer
rings (see Figure 11.2-4). Under the imposed loadings, the ribs will take mainly the shear forces;
whereas, the top and bottom plates are designed to take the bending moments. Allowable stress
levels will be those from the ASME B&PV Code, Section Ill, Division 1, Subsection NB (as
applicable).

There are eleven major penetrations between the inner and outer rings. Also, there are several
other small penetrations (not shown) for instrumentation, sodium purification piping, and other
uses. The eleven major penetrations provide support for the IHXs, pumps, and DRACS, and have
three different size diameters---76, 45, and 18 inches, (193, 114, and 45.7 cm) respectively. The
inner ring of the deck is used to support the rotatable plugs. The ribs are discontinued when they
intersect with the penetrations. The chambers will be filled with 3/8-inch (0.95 cm) steel balls for
radiation shielding. To provide thermal shielding, a stack consisting of twelve horizontal 1/4
inch (0.64 cm) steel plates, with a gap of 0.87 inch (2.21 cm) between adjacent plates, is hung
from the deck bottom plate. In addition, on the top plate, there are several layers of thermal
insulation to lower the temperature of the top area to allow for personnel access for maintenance
and operations. This insulation also prevents the floor slab from touching the top plate directly.

A preliminary scoping stress analysis of the deck structure, given in the appendices to this
report, shows that the design concept shown here is feasible and is expected to meet allowable
stresses and deflections.
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[1.2.3 Deck Cooling and Insulation

The deck will be cooled to: (1) prevent the deck from having unacceptable thermal
distortions and stresses caused by temperature gradients; (2) to maintain the bottom plate (skin)
at temperatures low enough to allow personnel access for I1SI and maintenance during plant
shutdowns: and (3) to minimize radial thermal growth of the deck at the joint with the conical
support ring. In conjunction with insulation on the top of the deck this cooling will function to
reduce the temperature above the deck to allow personnel access at all times to the top area
above the deck.

Air will be circulated within the deck structure to cool the interior of the deck. To allow the
cooling gas to reach the bottom plate, a series of flat ducts separating the bottom plate and the
steel shielding balls in the deck will be incorporated in the design. The design must provide this
cooling while also allowing reasonable access for inspection of welds in the bottom plate. Future
work is planned that will study the effects of loss of this deck cooling on temperatures of the
bottom and top plates of the deck, in order to assure adequate heat removal from the primary
sodium coolant.

[1.2.4 Deck Shielding

Since the deck is designed to permit personnel access for ISI activities during plant shutdown
conditions, it is necessary to provide adequate shielding within the pool of sodium to prevent
neutron activation of the pump and IHX steel, and the intermediate sodium system. Steel
shielding is placed around the core barrel and above the core, along with boron carbide around
the core barrel. Local steel shielding will be placed around the pumps and IHXs, if necessary.
Some shielding is provided by the laminated steel plate thermal shielding underneath the deck
bottom plate.

Steel balls of 3/8 inch (0.95 cm) diameter are placed into each of the many chambers within
the deck structure, to a depth of 42 inches (106.7 cm) to allow operations personnel access
around the top of the deck at all times. These steel balls are removed from the chambers to allow
personnel access for ISI of the interior of the deck during reactor shutdown.

[1.2.5 Rotatable Plugs

The principal function of the rotatable plug is to serve as part of the fuel handling system.
Their number and their size depend largely on the type of other components in the fuel handling
chain. Specifically, the method used for in-vessel transfer of subassemblies and the location of
the fuel transfer point determine the distance of lateral movement that the rotatable plugs have to
provide. After consideration of various options, the fuel handling system described in Section
I1.7 was chosen as the reference technology. This system uses two rotatable plugs — a large
rotatable plug and a small rotatable plug — and a straight-pull gripper mechanism with a transfer
point to the ex-vessel vertical fuel unloading machine that is located on the deck structure, just
radially outside the large rotatable plug. The two rotatable plugs, in concert with the gripper
mechanism, have to provide a lateral movement that covers a circle that encompasses all
subassemblies whether in the reactor or in the storage area around the core barrel. Further
requirements affecting the rotatable plug size are derived from the reactor control drive pattern
and the upper internals structure (UIS) design. This technology was successfully demonstrated in
EBR-II.
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Design features regarding shielding arrangements and the interfaces among the rotatable
plugs are essentially the same as described for the reactor vessel enclosure. The two plugs have a
stressed-skin box-beam structure and contain 42 in. (106.7 cm) of 3/8 in diameter steel balls for
biological shielding, which design is virtually identical to the deck structure. The underside of
each plug has laminated steel sheet reflective sandwich insulation which also is similar to that
used on the underside of the deck structure.. Plug interfaces are provided with elastomer seals.
The UIS is attached to the bottom of the rotatable plug. The small rotatable plug supports the
gripper mechanism. The rotatable plugs incorporate devices for locking their positions during
reactor operation, and devices against lift-off due to excessive reactor vessel pressures.
Equipment associated with, or part of the rotatable plugs require a variety of services--
connections for electricity, control, instrumentation, inert gas etc., that are provided via the
festoon cable system (not shown).

The large rotatable plug supports part of the festoon cable system and the eccentrically
located small rotatable plug. The small rotatable plug supports the UIS. The UIS assembly
penetrates the small rotatable plug through a large nozzle, forming a shielded plug that is
supported from a flange on the nozzle. The UIS plug in turn is penetrated by the control
drive shafts, the instrument conduits and the seismic key retracting mechanism. The large
rotatable plug supports the vertical push-pull IVTM.

I1.2.6 Reactor Vessel and Deck Support Structure

The current design of the reactor vessel and deck support structure is a conical frustum made
of carbon steel, SA-516 Grade 70. (See Figure 11.2.5). This structure provides support for the
reactor vessel, its internals, and the reactor deck. The conical shell (frustum) has top and bottom
flanges of 21 inches (533.4 mm) in width and 6 inches (152.4 mm) in thickness. The thickness of
the conical shell is 4 inches (101.6 mm). The top flange provides the bearing surface for the
reactor vessel and deck, and the bottom flange provides the bearing surface for transferring the
loads to the reactor cavity concrete structure. If necessary, “Lubrite” sliding plates will be
inserted between the RV flange and deck support flange.

The use of a bolted joint and common conical support skirt for the reactor vessel and deck at
the deck-vessel interface avoids the need for a bi-metallic structural weld between these
components. It is recognized that this bolted joint and conical ring presents special alignment
and erection problems. An almost identical design was employed in an ANL study for a 1000
MWe LMR plant conducted in 1982°. In a detailed review of that design concept, the Chicago
Bridge and Iron Company (CB&lI), a highly qualified fabricator of nuclear vessels, concluded
that not only was the design feasible, but that is represented an improvement over many of the
alternative approaches for the vessel/deck support. CB&I stated that the fully machined support
ring could be set into place with a single lift, aligned, leveled, and completed without the
problems associated with in-containment welding, scaffolding, and temporary supports.

This conical ring concept has also been proposed in several LMR plant studies performed by
GE and others (see Ref. 1). The present concept for the ABR1000 goes one step further. Rather
than placing the bolting inside of the deck structure as used in previous designs, the concept
presented here incorporates reinforcing gussets assemblies welded to the outer ring surface of the

> “Conceptual Design Report-1000 MWe Pool-Type LMFBR Plant”, Argonne National
Laboratory, July, 1982.
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deck and bolted to the top flange of the conical ring, thus allowing greatly improved access to all
of the bolting. This not only facilitates construction but also benefits ISI and maintenance
activities over the life of the plant. The gussets also provide positive structural resistance for
seismic loads imposed on the support ring. An additional benefit obtains from the fact that by
extending the outer diameter of the conical support ring it is possible to support the ring, and all
of its loads, directly on the reinforced concrete cavity wall without the need for special heavy
steel inserts used on some of the previous LMR design studies. There is an inert gas (argon)
blanket between the reactor vessel cover and the bulk sodium free surface.
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Figure 11.2-5 Reactor Vessel/Deck Support Structure
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[1.2.7 Guard Vessel

The guard vessel has one major function: to contain the primary sodium coolant in the very
unlikely event that it should leak from the reactor vessel. No ties, attachments, penetrations, or
equipment are permitted on the guard vessel wall; except perhaps for tracks used for remote ISI
of the reactor vessel. The diameter of the guard vessel is 47 ft-11.5 in (14.62m), and it has a
height of 45 ft-0.5 in (13.73 m). The entire guard vessel is 1 in (2.54 cm) thick. The guard
vessel is supported at its top by a flange bearing on a ledge in the reactor cavity wall. Suitable
welded membranes will be used to seal the gas space between the guard and reactor vessels and
to seal the joints between the reactor vessels and deck and conical support skirt. The guard vessel
is completely independent of the reactor vessel and the deck. The annular gap between the guard
vessel and the reactor vessel is 18 inches (45.7 cm) to allow for ISI of both vessels. This gap
size results in a feasible size for access of remote viewing equipment, taking into account the
need to assure that the faulted sodium level remains above the top of the IHXs, and to allow for
fabrication and erection tolerances needed in construction. Carbon steel will be used for the
guard vessel to permit the use of a magnetic attachment of a remote device used during the ISI of
the reactor and guard vessels, and to reduce plant capital cost.

The guard vessel provides the secondary containment for the primary sodium in the very
unlikely event that the reactor vessel develops a leak. The guard vessel is sized such that the gap
(8.5 inches) between it and the reactor vessel is:

1. Wide enough to accommodate in-service inspection devices

2. Narrow enough to prevent the primary sodium from dropping to an unacceptable
level within the reactor vessel if the reactor vessel should develop a leak. The sodium
level must remain high enough to keep the IHX and DRACS heat exchanger inlets
covered to provide a path for natural convection cooling of the core during a leak in
the reactor vessel.

Insulation is provided on the exterior of the guard vessel to reduce the heat lost to the guard
vessel cooling system. A guard cooling shroud is provided on the outside of the insulation that
forces air to flow around the supporting concrete structure and up over the guard vessel
insulation to prevent overheating of the concrete support structure during normal and off-normal
conditions.

11.2.8 Redan®

The core barrel and redan assembly, illustrated in Figure 11.2-6 is a single integrated unit that
provides the internal structure for the reactor core assemblies and provides a barrier between the
hot and cold sodium pools. The core barrel is a right circular cylinder fabricated from stainless
steel. It is attached to the inlet plenum and lower support structure. It also provides support for
the core restraint system. The upper portion of the redan consists of a conical shell and

® The term “Redan” is a French word for “projection” or “salient” in military terms, and is a term
related to fortifications. It is a structure in a VV-shaped salient angle toward an expected attack. A
number of French fast reactor designs use redans as the barrier between the hot and cold sodium

within the reactor vessel.
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cylindrical shell. The primary sodium pumps and the IHXs penetrate the redan, but are sealed to
avoid hot and cold sodium from mixing.

Pump DRACS
F’enetratior;\ /F’enetration
Redan

A\ \\ /f r

4

R
U Vessel

S [HX
Pl . Penetrations
|n o O +| 0
Core Core
Subassembly Support

Figure 11.2-6 Schematic of Redan Structure

The redan is a single integrated unit that separates the hot sodium pool from the cold sodium
pool, and provides the flow path of the hot sodium from the discharge of the reactor core to the
inlet of the intermediate heat exchanger. It consists of multiple formed plates welded together to
form a shell that surrounds the intermediate heat exchangers and the upper internal structure. The
redan is supported vertically and seal welded to the core barrel. It is essentially a
cylindrical/conical vessel, but without either a top head or bottom head. The intermediate heat
exchangers and upper internal structure are located within the redan. The primary pumps and
DRACS heat exchangers are located in cylindrical shells (that separate the hot sodium from the
cold sodium) in the conical portion of the redan. The redan is one of the permanent structures
within the primary reactor vessel. A mechanical labyrinth seal between the IHX and redan
reduces the leakage of hot primary sodium from the hot pool into the cold pool. Special details
at the top of the redan will be incorporated in the design to accommodate the effects of sodium
sloshing that may occur during seismic events. It is a design requirement for the redan that no hot
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sodium coolant spill over the top of the redan into the cold sodium pool in the event of design
basis earthquakes.

The use of an open-sodium outlet-plenum concept, such as use of the redan to direct the hot
outlet coolant to the IHXSs results in several key design features:

e An instrument tree, or Upper Internal Structure (UIS) is required for flow,
temperature, and monitoring of the core outlet coolant.

e Space used for closed outlet sodium piping (such as that used on EBR-II and Phenix)
IS not required, thus leading to a smaller, more economical reactor vessel.

e The vertical lift distance required for handling fuel subassemblies is reduced when
using the open-outlet-plenum

e The reactor vessel top closure (deck) is exposed to hot primary sodium temperature,
950F (510C), which presents certain major structural design challenges for the reactor
vessel and deck.

e Insulation and cooling of the deck is required.
e Insulation and cooling of the reactor vessel wall is a special concern.

e Flow baffles are required above the core outlet sodium in order to obtain a quiescent
hot sodium pool free surface.

e Low differential liquid levels between the hot and cold sodium requires a low
pressure drop through the IHX.

[1.2.9 Core Support Structure

The core support structure, shown in Figure 11.2-7, provides support for the lower internals
structure, the core assemblies, the core barrel assembly, the primary sodium inlet pipes, brackets,
and baffles. It is designed to the requirements of the ASME B&PV Code, Section I11, Division 1,
Subsection NG, Core Support Structures. The core support structure consists of a steel web
structure supported on ribs formed to the contours of the reactor vessel bottom head, welded to
the bottom head, and, thus, becomes an integral part of the reactor vessel. Except for the bottom
head of the reactor vessel, all core support structure components are under compression.
Therefore there is no need for performing ISI on these components. The part of the core support
structure that is in tension is that portion of the reactor vessel bottom head which is integral with
the support structure. Welds in the reactor vessel bottom head in the vicinity of the core structure
are subject to ISI during the life of the plant.
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Figure 11.2-7 Core Support Structure

[1.2.10 Reactor Containment Boundary

The reference ABR primary containment boundary is comprised of the reactor vessel, reactor
vessel enclosure, the tubes in the intermediate heat exchanger and in the direct reactor auxiliary
cooling system heat exchanger, and the sodium purification piping and components. These
components maintain the containment for the primary radioactive sodium and form the first
containment boundary. This initial boundary also includes the instrument thimbles and the cover
gas piping system. If this first boundary is breached, then the next secondary confinement is
composed of the reactor guard vessel, the reactor containment, the intermediate sodium piping
and steam generators, the direct reactor auxiliary cooling system intermediate piping and
systems, the stainless steel-lined compartments around the reactor vessel support, the purification
system cell confinement, and the reactor building (which is maintained at a negative pressure
with HEPA-filtered ventilation). If there is a breach in a thimble or cover gas system, the gas
operates at a slightly higher pressure than the sodium and therefore, there will be no release of
sodium to the environment. The reactor building always operates at a negative pressure
compared to the outside environment. All effluents are filtered via high-efficiency particulate air
filters before they are released into the environment.
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[1.2.11 Integrity of Primary Coolant Boundary

It has been postulated that a structural failure or leak which would develop in the reactor
vessel could prove to be a major economic setback. The purpose of this discussion is to show
that current, proven technology can be applied to ensure a leak-tight primary coolant boundary
over the plant lifetime, reducing the probability of such a leak occurring to a very low level. In
the pool-type design, the reactor and the entire radioactive primary coolant are contained in a
single reactor vessel. This arrangement results in a direct and simple containment for the primary
sodium, with no penetrations in the reactor vessel wall below the primary sodium surface. The
ABR design avoids, wherever possible, the use of dissimilar materials and the oftentimes
difficult welding techniques associated with these dissimilar materials. The surrounding
environment of sodium is common to all of the primary system components, which mitigates
pipe (duct) expansion stresses and minimizes effects of pipe leaks. A very high level of structural
and leak-tight integrity of the reactor vessel and its surrounding guard vessel is achieved with the
use of both proven design features and intrinsic characteristics of the sodium system. This basic
foundation is supported by established fabrication, field construction, and quality control
procedures, comprehensive testing plus inspections and finally, regular in-service monitoring and
surveillance.

Inherent characteristics of the sodium system that mitigate potential challenges to the reactor
vessel include non-corrosiveness of sodium to structural materials. The operating pressure of the
bulk sodium is very low, generally limited to the hydrostatic head of sodium. This leads to low
stresses in the reactor vessel structure and permits large design margins and the use of thin-
walled plates for fabrication which, in turn, enhances the reliability of nondestructive
examination methods which may be used for in-service inspection.

To ensure system safety, design features are included, such as the guard vessel, that give
unimpaired capability for removal of reactor decay heat in the event of reactor vessel leakage.
Design features that promote the integrity of both the reactor vessel and the guard vessel are
viable due to the following basic characteristics of the pool-type arrangement:

o There are no attachments or penetrations in the shells and bottom head of either the
reactor vessel or the guard vessel, except for the core support structure.

e The vessels have simple geometries, e.g., right circular cylinders and smooth, curved
bottom heads.

e The core support structure is attached to the bottom head of the reactor vessel with a
set of formed steel webs contoured to the shape of the reactor vessel bottom head.
This eliminates welds at points of high stress.

« In addition, the austenitic stainless steel material, used throughout the reactor vessel
assembly (with the possible exception of the guard vessel), has several favorable
characteristics:

0 Excellent compatibility with the sodium coolant.

o Excellent ductility/toughness properties, even at total neutron fluences higher than
expected at the reactor vessel boundaries.

0 No appreciable high temperature aging degradation with a primary sodium
coolant temperature of about 510°C.

o0 Excellent weldability.
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0 High fracture toughness prevents rapid crack propagation and makes a leak-
before-break strategy feasible.

Another unique feature is that the reactor vessel is interfaced with the cold pool which results
in a low and approximately constant temperature for the reactor vessel wall and for the guard
vessel as well. This approach has two very important benefits:

e The reactor vessel temperature is almost always at the low sodium-inlet temperature
(about 355 to 410°C) except for the upper sections of the reactor vessel which sees
the increased temperature of the hot sodium pool.

o Deleterious effects of large and frequent temperature transients are avoided by
maintaining this temperature relatively constant.

With regard to radiation damage, adequate shielding in the core barrel as well as the distance
from the core barrel to the reactor vessel wall results in total neutron fluences well below any
level which would be of concern during the 60 year design life for the plant.
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[1.3 Primary Heat Transport System

[1.3.1 System Requirements and Description

The basic function of the primary heat transport system (PHTYS) is to transport heat from the
reactor to the intermediate heat transport system (IHTS) under normal and off-normal operating
conditions. The arrangement of the PHTS is shown in Figures I1.2-1 and 11.2-2.

The PHTS consists of four primary pumps, four intermediate heat exchangers (IHXs) and
expansion joints between the pumps and the reactor inlet plenum header. The four pumps and
four IHXs are located around the reactor vessel in such a manner as to reduce the length of
intermediate sodium piping in the reactor containment. The four pumps are located in the cold
pool between the redan and the reactor vessel. Each of the four IHXs is located within the redan
and penetrates through the redan from the hot pool to the cold pool. Each of the IHX plena is
open to the reactor vessel cover gas at the top and each is closed at the bottom by a seal. The
sodium level in the plena around each IHX is essentially the same as in the main redan. Thus, the
IHXs have no primary piping associated with them; the hot primary sodium enters the IHX inlet
through openings in the IHX shell and is discharged to the cold region at the bottom of the IHX.
The sodium enters the IHX approximately 12 inches below the upper tubesheet to reduce the
amount of thermal stress on the tubesheet. A baffle plate is located just above the inlet of the
IHX to maintain this static layer of sodium. The tubesheet is the thickest part of the IHX and thus
minimizing the temperature transients on this part increases the longevity of the IHX.

In this pool configuration the pumps as well as the IHXs are supported from the reactor
vessel deck which is maintained near ambient temperature. The flexible seal between each IHX
and the redan accommodates thermal and seismic motions. The flexible coupling between the
discharge of each pump and the reactor inlet plenum which is fixed to the lower core support
structure accommodates thermal and seismic motions. The flexible coupling is designed to
accommodate the small amount of differential thermal expansion between the pump and the
lower support structure, including the differential thermal expansion of these items from
shutdown to full power conditions.

A total sodium flow of 5,220kg/sec removes the heat from the core and passes into the upper
plenum at an average temperature of 510°C. The core effluent mixes with the hot sodium in the
plenum and flows up into the redan to four IHXs. Approximately 250 MWt of heat is transferred
from the primary to the secondary coolant in each IHX. The primary sodium leaves the IHX at
355°C and enters the cold pool region of the reactor vessel. Four pumps take the sodium from
the cold pool and discharge it through inlet piping to the inlet plenum below the reactor core.

The PHTS must satisfy all normal and off-normal conditions specified in the duty cycle for
the plant. In addition to full power 4-loop operation, the PHTS must provide heat removal for
50% power operation when only one IHTS loop is available or 75% when one primary pump is
out-of-service. The system, along with the core and the IHX, is arranged to remove decay heat
under natural circulation conditions. Maintainability and inspectability are important
considerations in the design of the PHTS.

82



[1.3.2 Primary Sodium Mechanical Pump

Both mechanical and electromagnetic (EM) pumps can be adopted for the ABR. In the ABR
design, the location of the suction of the primary pump is critical to ensure sodium circulation
under a variety of operating conditions. In addition, the diameter of the pump is an important
parameter, since it affects the diameter of the reactor vessel.

Although there are many different types of mechanical pumps, only centrifugal pumps have
been used in the sodium cooled fast reactors and therefore are considered as the primary
candidate. Similarly, annular linear induction pumps (ALIPs) are considered as the primary
candidate for the EM pump option.

11.3.2.1 Mechanical pump

In general, mechanical pumps have a longer history than that of EM pumps. Development of
mechanical pumps specifically for the sodium cooled reactor application started with EBR-I, in
which a 500 gpm mechanical pump was used to pump NaK. Since then, essentially all sodium
cooled fast reactors have utilized mechanical pumps for the primary system, although some EM
pumps were used in the secondary systems.

Mechanical pumps have the following advantages over EM pumps:
1. Mature technology,
2. High efficiency (70-85 % for those used in nuclear reactors).

However, mechanical pumps have the following inherent disadvantages when compared to
EM pumps:

1. Moving parts are involved,

Historically, prone to thermal distortion damage,

Expected to be more prone to cavitation,

Need of bearings,

Need of seals for rotating shaft,

Need of penetration through the reactor vessel for rotating shatft,

The existence of a Na/cover gas interface somewhere along the length of the rotating
shaft,

8. Only vertical installation is practical.

The operating experience indicates that hydrodynamic and hydrostatic bearings in liquid
sodium have become less of a problem [1]. Operations of BOR-60, BN-350, and BN-600
showed that wear in the bearing was virtually absent and replacements were not needed within
several tens of thousands of hours of operation. The single factor requiring periodic maintenance
that necessitates removal of the pump internals is erosion of the impeller due to cavitation for
BN-350 and BN-600 [2].

The EBR-11 mechanical pumps experienced shaft binding after less than 200 hrs of operation.
Rubbing had occurred between the shaft and lower labyrinth seal. Although the initial cause was
not definitely established, possible causes include insufficient initial clearance and warping of
the shaft prior to operation [3-4]. In FFTF, thermal shock deformed the sodium bearing housing,
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causing a rotation problem. Other rotation problems were caused by condensation of sodium
between the shaft and the thermal shields and deformation of the shaft due to a non-uniform
circumferential temperature distribution in the shaft.

In Rapsodie, reduction of the gaps in the sodium bearing due to thermal shock produced a
rotation problem. In Phenix, two causes of rotation problems were a failed shaft sleeve due to
thermal transients and a shifting of the bearing parts. In PFR, the separation of the surface of the
sodium bearing caused a rotation problem.

In BN-350, condensation of sodium vapor in the narrow gaps hindered start-up of the
primary pump after long downtime due to incorrect estimate of component temperatures. Also,
cavitation damage of impellers was reported. At the end of the reactor lifetime, the pump repair
interval was extended, due to maturity of sodium technology, to about 10 years. In BN-600,
during the initial period of operation, several problems relating to failures of the primary and
secondary pumps due to their increased vibration, shaft fissuring, coupler damage, and non-
reliable drive performance were experienced. Although all problems were later successfully
resolved, replacement of the pump shafts was required. In BOR-60, although one primary
mechanical pump was replaced due to high vibration caused by inappropriate thermal treatment
of the shaft components during fabrication, maximum operation time for primary and secondary
mechanical pumps was impressive: 220,000 and 180,000 hrs, respectively [5].

The long history of the mechanical pumps in sodium cooled fast reactors indicates that
although some minor maintenance would be required on a periodic basis, the overall reliability
has been demonstrated and the mechanical pump would be a logical choice for the ABR as well.

However, one potential issue unique for the ABR is that the ABR reactor vessel is much
longer than vessels of other previously developed pool type reactors. This is schematically
illustrated in Figure 11.3-1, and the actual design data are summarized in Table 11.3-1.
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Figure 11.3-1 Schematic comparison of pool type reactor vessels
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Table 11.3-1 Dimensions for various pool type reactor vessels

Reactor Diameter, m | Height, m | H/D ratio
EBR-II 7.92 7.92 1.00
Phenix 11.82 12.00 1.02
SuperPhenix 21.00 17.30 0.82
PFR 12.20 15.20 1.25
BN-600 12.86 12.60 0.98
PRISM 9.07 19.35 2.13
ABR 1000 MWt 14.1 14.8 1.05

This fact drives the mechanical pumps for the ABR to be longer than the other pumps. In
fact, values for the ratio of the pump length to the pump diameter for several mechanical pumps
used in the above pool type reactors are between approximately 3 and 5, however, the L/D ratio
for the mechanical pump preliminarily designed for the ABR is approximately 6, as compared in
Table 111.3-2, possibly making satisfactory performance of the pump more difficult to achieve.
The calculational procedure to obtain these pump dimensions for an ABR pump is presented in
Section 111.1.1.

Table 11.3-2 Dimensions of mechanical pump for various pool type reactors

Reactor Floavvra}te, Pump _ Pump Pump shaft L/_D
m°/min | head, MPa | diameter, m | length, m ratio

EBR-II 19.0 0.54 1.28 3.4 2.66
PFR 70.7 0.73 1.91 55 2.88
Phenix 67.2 0.70 1.32 5.0 3.79
SuperPhenix 300.0 0.55 2.50 12.0 4.8
ABR 1000 MWt 90.9 0.76 1.19 7.0 5.88

As described in Section 111.10, the mechanical pump was designed using a series of
nomographs developed by Byron Jackson [6]. In the first nomograph, the specific speed and
rotation speed are determined. In the second nomograph, the required power is determined.
Then, in the third nomograph, the shaft diameter is determined. In the fourth nomograph, the
pump case diameter, which is related to the impeller diameter, is determined. In the fifth
nomograph the size of the pump outer barrel is determined, however, for the pool type
configuration, the outer barrel is not used and the pump casing is suspended directly in the pool
of Na. Finally in the sixth nomograph, the suction and discharge nozzle diameters are
determined. This procedure estimates only the diameter of the pump. The length of the pump
can be estimated from other considerations, namely the submergence depth should be greater
than 0.9-1.2 m to prevent vortexing [7], see Figure 11.3-3. A summary of input data is presented
in Figure 11.3-2.
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Gravity, g (m/s?)

Wo: Magnetic permeability (Wb/A-m)
Gas Constant, R (J/mol-K)
Reference

Molecular weight (g//mol)
MP (°C)
MP (K)

operating temperature, T (K)

Density, p (kg/m®)

Dynamic Viscosity, n (Pa-s)
Surface Tension, o5 (N/m)

Thermal Conductivity, k (W/m-K)
Specific Heat, C, (J/K-kg)
Electrical Conductivity, oe (1-Q-m)
Vapor Pressure, P(Pa)

Vapor Pressure, P (Torr)

Est. Vapor Density, pa (kg/m®)
Latent Heat of Evaporation (J/kg)

Dynamic Viscosity, 7, (Pa-s)

9.81 Flow rate (kg/s)
1.26E-06 Pressure (Pa)
8.3145 Temperature (K)

*Flow rate (m®/s)
Na *Pressure (psi)
22.98977
97.72
370.87

628

867.11459
3.02E-04
0.1737329
73.872921
1293.4039
5.05E+06
12.612625
0.0952635
0

X X X X X X X

=1280= 23391.62 GPM
= 756250= 291.68 feet
=628= 670.73 F
1.4761602

109.68479

Figure 11.3-2 Input data for mechanical pump design nomograph

The resulting design parameters are summarized in Table 11.3-3, and the ABR mechanical
pump is schematically compared with that of EBR-I11 in Figure 11.3-3.

Table 11.3-3 Mechanical pump design parameters

Flow rate, m°/s

1.51

Pump head, psig

110

Power, kW

1417

Efficiency, %

81

Pump shaft length, m

7.0

Pump diameter, m

1.19

Suction nozzle diameter, m

0.81

Discharge nozzle diameter, m

0.64
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Figure 11.3-3 Schematic comparison of ABR and EBR-11 pumps
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11.3.2.2 Electromagnetic Pump

The first application of EM pump in sodium cooled fast reactor goes back to the nuclear
powered submarine Seawolf, which used four flat linear induction pumps (FLIPs) rated at 3,300
gpm at 85 psi. These 4 units were operated at 43 % efficiency for 10,000 hours of maintenance
free operation. The EBR-II used 5000 gpm and 6500 gpm FLIP units in the intermediate heat
transport system. Although the operating history was satisfactory, the pump duct developed
fatigue cracks after 1,385 hours of operation. They were caused by low inlet pressure and
electrically induced pressure pulsation [3]. In DFR, 24 linear induction pumps were used as
primary pumps. In BR-10, mechanical pumps were replaced with EM pumps, whose reported
lifetime was 170,000 hours without any major repairs [7]. Among the many different types of
EM pump designs, the EM pump type most favored for use in reactor systems is the annular
linear induction pump (ALIP) type. Electromagnetic pump’s advantages over mechanical pump
are as follows:
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1. Design using no penetration through the boundary between working fluid and
ambient, thus a design without seals is possible,

2. No moving parts are involved,
3. Installation in any orientation is possible,
4. Thermal distortion tolerant.
On the other hand, EM pumps have some disadvantages over mechanical pumps.
1. Lower pumping efficiency (~40 %),
2. Lesser reactor plant experience, especially for large EM pumps.

A known issue is that large scale EM pumps may exhibit flow instability if the wrong
operating conditions are chosen. This topic is still being studied; however, the instability can be
avoided by selecting the right operating parameters [8]. In addition, although no experience of
using a large EM pump in the nuclear reactor exists, recently an EM pump with a capacity of 160
m3/min (42,267 gpm) at 280 kPa (40.6 psi) was tested for 2,550 hrs and confirmed applicability
of the EM pump in the nuclear plants [9].

Traditionally, electrical insulators and magnetic materials in ALIPs limited the operating
temperature of the pump. Until recently, ALIPs for liquid sodium service usually required
external cooling to maintain acceptable temperatures in electrical insulators and magnetic
materials; and removed thermal energy was wasted. However, recent development of high
temperature insulators and magnetic materials that can operate at as high as 7000C allows
operation of EM pumps using those materials at temperatures as high as 3500C without any
cooling [9-11]. This means that ALIPs immersed in a pool type reactor can utilize almost 100%
of the input power provided to the pumps, making low pumping efficiency of the ALIPs a non-
issue. The impact on the overall plant efficiency due to the differences in pumping efficiency
between mechanical and EM pumps is estimated to be only about 0.4 % [12]. However, as
shown by the history of EM pump development depicted in Figure 11.3-4, the important
developments occurred only recently and there exists no experience with ALIPs in sodium
primary systems.
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Figure 11.3-4 History of EM pump development

The ALIP shown in Figure 11.3-5 is a standard design obtained using a code developed at
ANL. The code is based on the calculational scheme originally developed to estimate the
performance of various ALIPs, for example, for the EBR-II and TREAT. An annular linear
induction pump that can be calculated using the current code is a single stator design. A single
stator ALIP comprises a core, coolant passage (or duct), coolant duct wall, stator core, and coils
(see Figure 11.3-5). For the ABR, however, the pump of choice is a return type and includes the
return duct that is placed outside of the stator. All magnetic core pieces are assumed to be made
of a magnetic material with high saturation value, such as Permendur 2V or other cobalt alloy.
Since the coolant bulk outlet temperature is 5100 C, typical stainless steel can be used for the
coolant ducts. The conductor part of the coil is made of copper. The electrical insulation around
the conductor is made of mica tape backed with alumina cloth and inorganic silicone-base
binder, the state of art electrical insulation for high temperature applications. Integrity of a
similar coil was experimentally demonstrated at elevated temperatures up to 8000 C. Similar
coils were also used in a large sodium-immersed self-cooled ALIP [9].

In this design, the magnetic structures do not need to be thermally insulated from the coolant
duct, due to the low coolant temperature that is well below the curie point of Permendur 2V
(9400 C) [11]. In fact, the coolant duct serves as the heat sink, since some of input energy is
thermally dissipated as losses within the ALIP during operation and needs to be removed to
avoid overheating of various components. Since this thermal energy is transferred to the coolant,
these thermal losses in the ALIP are completely recovered in the system. This is the key reason
that submerged, self-cooled, ALIPs reduce the overall plant efficiency by only about 0.4 % in
comparison to the overall plant efficiency obtained with mechanical pumps.
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Figure 11.3-5 Schematic of a single stator ALIP

The EM code described in Section 111.1.2 does not include end effects, which degrade the
efficiency of ALIPs [13]. However, for large ALIPs with a large number of poles, thus a large
number of coils, sufficient tailoring of magnetic field at the ends of the pump can be easily
achieved without altering the performance of a majority of the coils, yielding insignificant pump
performance degradation [13]. In addition to the end effect, the skin effect will attenuate the
electromagnetic field in the coolant, thus reducing the performance of the large scale ALIPs,
unless a double stator design is employed [12], however, the current design code does not
include the details of the skin effect. A schematic of a typical double stator ALIP is shown in
Figure 11.3-6. It should be noted that the combination of the attenuation of the electromagnetic
field due to the skin effect and increase of the electromagnetic field due to the cylindrical
configuration is somewhat balanced, which means that the net effect depends on the size of the
pump and could be very small [14]. These effects will be investigated further in future work.
Also noted is that since the ALIP for the ABR must have both inlet and outlet at the bottom of
the pump (return configuration), the internal hydrodynamic pressure drop of the pump is
assumed twice that for a straight design ALIP in the code.

Important inputs for the code are the flow rate, pressure head, the length of the pump, various
duct dimensions (wall thicknesses), and input voltage. For the flow rate and pressure head
inputs, the nominal values for the ABR design are used. Based on these inputs, the code
calculates all other dimensions and parameters for the best efficiency. The calculated parameters
include dimensions of the inner core, the duct gap size, and the stator assembly including number
of coils and poles, mass of each component, and performance parameters including input power,
dissipated power in components, and efficiency. Also obtained is the optimum drive frequency.
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Figure 11.3-6 Schematic of a double stator ALIP

Several calculations showed that most heat dissipation occurs in the coolant, duct wall, and
coils. This fact allows us to construct a simple 1-D thermal model to conservatively estimate the
critical temperatures, such as maximum wall and coil temperatures to ensure safe operation of
the ALIP. This thermal model is integrated with the code for calculating the pump performance.
The geometry for the thermal model is illustrated in Figure 11.3-7.
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Figure 11.3-7 Heat generations in the ALIP
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In this thermal model, only radial heat flow is assumed and the outside surface of the ALIP is
assumed to be thermally insulated for simplicity and assuring conservative estimation. Bulk
thermal conductivity of the coil is estimated from the dimensions of the coil, thermal
conductivity of the coil (copper), and that of insulator (mica).

For the ABR, the diameter of the pump is limited to 1.2 m, so that the ALIP can be installed
in the opening for the mechanical pump designed in the previous section. The key design
parameters for the EM pump are summarized in Table [1.3-4. (Additional detailed data are
presented in Section 111.1.2.)

Table 11.3-4 EM pump design parameters

Power, KW 2315
Efficiency, % 48.6
Mass, kg 6176
Number of Poles 8

Number of Coils 24

Temperature, °C 355
Flow Rate, m®/s 1.51
Discharge Pressure, psig 110
Length, m 1.6
Pump Diameter, m 1.18
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[1.3.3 Intermediate Heat Exchanger

The Intermediate Heat Exchangers (IHXSs) transfer heat from the radioactive sodium coolant
in the primary heat transport system to the nonradioactive sodium coolant in the intermediate
heat transport system. Four sodium-to-sodium heat exchangers rated at 250 MWt each are used
to transfer the 1000 MWt core power at full-power conditions corresponding to core inlet and
outlet temperatures of 355 and 510°C, respectively.

There are several factors that are important in the evaluation of the overall IHX design.
These factors include material of construction, tube configuration (straight vs. bent), shell vs.
tube-side primary flow, elevation of the IHX within the primary system, shape of the IHX (in
plan view), primary flow-side pressure drop (i.e., low pressure loss is needed to ensure adequate
natural convection primary sodium flow during loss-of-flow events), and the possible inclusion
of a second internal coil near the upper region of the IHX to serve as a shutdown heat removal
system. The various design choices that have been made, along with the underlying rationale for
these choices, are described below.

The heat exchanger arrangement selected is a shell-and-tube counter-current flow
arrangement with the primary flow on the shell-side, and secondary sodium flow on the tube
side. Major features of these heat exchangers are graphically depicted in Figure 11.3-8, while key
design information is provided in Table I11.3-5. The tube-side secondary flow was selected to
simplify cleaning of the heat exchanger tubes in the event of a tube leak in a steam generator.
Moreover, this configuration maximizes the ability of the IHX to accommodate any pressure
transients that may arise if a steam generator tube rupture event were to occur, since for a given
tube wall thickness the tubing is much stronger in tension (internal pressure source) versus
compression (external pressure source).
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The installation of the IHXs inside the reactor vessel is illustrated in Figure 11.3-9. Each unit
is vertically suspended from two rigid pipes that are welded to the IHX shroud. These pipes
extend upward from the hot pool and are welded to the underside of a removable integral plug in
the reactor vessel head. The IHXs pass through horizontal sections of the redan.

Primary sodium enters the shell side of each IHX through a series of 20 cm diameter circular
openings in the shell approximately 20 cm below the upper tube sheet. These openings allow
sodium from the hot plenum to enter the IHX with minimal head loss. Also, introduction of the
sodium below the upper tube sheet minimizes the thermal shock to this relatively thick
component during transients. The sodium then flows downward through the shell and vents
through a 10 cm wide gap around the lower tube sheet that leads to the single 61 cm diameter
exit nozzle that discharges directly into the cold pool.

The IHX shell contains a seal where it seats on the horizontal deck of the redan to prevent
sodium bypass from the hot to cold pools. Minor leakage of these seals is permissible.
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Table 11.3-5 Intermediate Heat Exchanger Design Parameters

Parameter Value
Heat transfer capacity 250 MWt
Design Straight tube, counter-

flow

Heat transfer area 1074 m*
Primary sodium temperature inlet 510 °C
Primary sodium temperature outlet 355 °C
Primary sodium mass flowrate 1256 kg/s
Secondary sodium temperature outlet 333 °C
Secondary sodium temperature inlet 488 °C
Secondary side sodium mass flowrate 1256 kg/s
Tube outer diameter 1.59 cm
Tube wall thickness 0.889 mm
Tube pitch 2.23cm
Active Tube Length 4,78 m
Number of tubes 4500
Upper tube sheet — area 2.25 m°
Upper tube sheet — thickness 10.0cm
Lower tube sheet — area 225 m’
Lower tube sheet — thickness 10.0 cm
Downcomer piping — OD 61.0 cm
Downcomer piping — thickness 12.7 mm
Downcomer piping — length 10.8 m (est.)
Outlet piping — OD 86.4 cm
Outlet piping — thickness 12.7 mm
Outlet piping — length 6.6 m (est.)
Shell baffle plates — thickness 6.4 mm
Shell baffle plates — number (spacing) 5 (91 cm)
Baffle plate cut (transverse dist. across IHX not occluded by plates) 50 %
Baffle plate perforation (open flow area/ total axial flow area) 45%
Perforation hole diameter 8.12 mm
Number of perforation holes per IHX tube 2
Shell (primary) side pressure drop 18.2 kPa
Tube (secondary) side pressure drop 14.8 kPa
Shell height 5.88m
Shell outside circumference 5.40 m
Shell thickness 1.3cm
Shell cross-sectional area 2.32m°
Tube material 9Cr-1Mo
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Figure 11.3-8 Intermediate Heat Exchanger Design Details

The shell side of the IHX includes a series of horizontally mounted, disk and donut-type
baffle plates uniformly spaced at 91 cm intervals along the length of the tube bank. Aside from
providing lateral support for the tubes, these plates promote cross-flow and mixing that enhances
thermal performance on the shell (primary) side. The plates are made from 6.4 mm steel plate
and occlude 50 % of the vertical flow path at each plate location. As shown Table 11.3-5, the
plates are orificed (45 % equivalent porosity) to reduce flow pressure drop; a schematic showing
the orifice design is provided in Figure 11.3-10. This approach is similar to that used in the GE
Prism Mod B IHX design.

As shown in Figure 11.3-9, cold intermediate sodium enters the IHX through a central 61 cm
diameter downcomer. The downcomer delivers the cold sodium through the lower tube sheet
into a header manifold, where it then turns 180° and rises through the tube bank in counter
current flow to the shell side primary sodium. The hot intermediate sodium exits the tubes into
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Figure 11.3-9 Hllustration of IHX Installation Inside the Reactor Vessel
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Figure 11.3-10 Plan View of Orifice Baffle Plate Design

an upper header manifold, and then flows through an annular riser which is concentric to the
downcomer. The downcomer is double walled with an annular gap for thermal insulation
between the hot and cold streams. As shown in Figure 11.3-9, both the downcomer and the 87
cm OD annular riser pipes are equipped with bellows just above the shroud to accommodate any
differences in thermal expansion between the piping and the body of the IHX itself (each unit is
rigidly attached to the removable plug in the reactor vessel head). The upper tube sheet is
welded to the shroud, while the lower tube sheet floats. Thus, the design accommodates
differential thermal expansion within the tube bank also.

The inner wall of the shell operates near the bulk temperature of the sodium in the hot
plenum. Since primary sodium flow is on the shell side of the IHX, there is no need for an
insulating annulus to eliminate heat losses to the bulk sodium or to alleviate high thermal stresses
in the shell.

Modified 9Cr-1Mo steel was chosen as the material of construction primarily because the
thermal conductivity is higher than that of the austenitic steels such as Type 304 stainless steel.
Since the heat transfer in sodium-to-sodium heat exchangers can be dominated by the tube wall
thermal resistance, using modified 9Cr-1Mo steel results in considerable reduction in the
required heat transfer area. The use of Type 304 stainless steel tubes would result in the need for
as much as 20% more heat transfer area as compared to modified 9Cr-1Mo tubes with the same
design characteristics. In addition, modified 9Cr-1Mo has a lower thermal expansion coefficient
compared to Type 304 stainless steel. The higher thermal conductivity material results in lower
temperature differences in component sections and, coupled with the reduced thermal expansion,
results in lower thermal stresses in structural members. This is advantageous during thermal
transients. Straight tubes are selected to simplify fabrication and reduce flow induced vibration
problems.
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The design of the IHX has been selected such that the primary flow of sodium on the shell
side provides a low pressure drop. Low pressure drop on the primary side is important from two
viewpoints: 1) minimizing the pressure-related structural requirements for the IHX shell, and 2)
promoting the ability to establish natural circulation of the primary sodium in the case of a loss-
of-flow event. Adequate natural convection flow for shutdown heat removal is essential. One
key element of the DRACS shutdown heat removal system relies on natural circulation of the
primary sodium through the core and IHX to the sodium pool surrounding the core barrel. Thus,
the IHX has been sized and positioned to locate the primary sodium inlet below the faulted
sodium level (primary sodium leak from the primary vessel to the annulus between it and the
guard vessel).

Aside from the overall thermal/hydraulic design of the IHXs, additional analysis is needed to
verify that the thermal stresses in various regions of these units will remain below acceptable
levels to ensure that the plant design lifetime requirement can be met without undue risk of
stress-related failure(s). Furthermore, shielding may need to be incorporated into the design if
calculations indicate excessive activation of the secondary sodium by virtue of the close
proximity of the IHXs to the core if the reactor core does not already provide sufficient
shielding. These additional analyses would be part of the conceptual (CD-1) design phase.

Note that as part of the design process, a set of parametric thermal/hydraulic calculations
were performed that formed the technical basis for sizing of these units so that they would fit
inside the available space between the redan and reactor vessel inner surface, while achieving the
desired 250 MWt rating per IHX. In addition, a specialized model was developed in order to
accurately evaluate flow pressure drop on the shell side of the IHX, including the effect of the
orificed baffle plates. These various design calculations are documented in Section I11.8.

[1.3.4 Internal Piping

There is very little primary piping within the reactor vessel assembly. The primary piping
exists between the mechanical pump and the inlet plenum. The coolant that flows through the
pump will flow into a multi-pipe header that connects the articulated coupling to the inlet plenum
structure. This primary piping would consist of a main header for each pump with multiple pipes
leading from each pump header into the inlet plenum structure. The main header has a spherical
seat that is connected to a flexible coupling. The other end of the internal piping is welded to the
core inlet plenum.

Each primary piping assembly is supported to take the appropriate mechanical, thermal and
hydraulic loads. The pump hangs from the reactor vessel enclosure and is connected to the inlet
plenum or inlet pipe header (depending upon pump application) by a special, nonrigid, easily
disconnected, low leakage articulated coupling. This articulated core inlet pipe coupling is shown
in Figure 11.3-11.
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Figure 11.3-11 Articulated Core Inlet Pipe Coupling (Concept)

The flexible coupling allows lateral and vertical movement without losing metal-to-metal
contact and accommodates relative displacements between the pump and the piping header. The
coupling has a slip joint to extend or retract the coupling length with a ball joint at the bottom
end. The ball joint at the bottom end is unattached and connects with the mating seat on the main
piping header. During installation, the pump is lowered vertically into the reactor vessel. When
the bottom ball joint contacts the mating spherical seat on the main piping header, the coupling is
compressed, creating spring pressure in the coupling. The spring pressure maintains the coupling
in position and seals the ball joint against the mating joint of the main piping header.

The coupling allows the pump to be removed or installed without cutting the inlet interface.
The coupling can permit some leakage but must provide flexibility to accommodate thermal
movements, be sufficiently stable to avoid flow induced vibrations, and accommodate seismic
loads. No valves or movable flow control devices are part of the inlet piping or flexible
coupling. Pipe insulation is not required.
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1.4 Intermediate Heat Transport System

The intermediate heat transport system provides an isolation coolant circuit between the
primary reactor coolant and the steam generator system. This intermediate circuit prevents leaks
in the steam generator from directly impacting the reactor. The intermediate heat transport
system consists of the intermediate sodium pump, the intermediate piping, the steam generator,
and the auxiliary sodium systems.

I1.4.1 System Requirements and Description

The Intermediate Heat Transport System (IHTS) circulates secondary sodium coolant,
transporting heat from the radioactive sodium in the Primary Heat Transport System (PHTS) to
the power generation system. Currently, the Rankine steam cycle is the reference power
conversion system for the ABR. The IHTS is composed of four completely independent loops,
as shown in Figure 11.4-1. This figure provides an isometric view of the piping runs to the steam
generators. The flow rate through all four loops is controlled to maintain the primary sodium
coolant temperature at design operation conditions. With the exception of the short pipe runs of
the hot and cold sodium piping connected to the IHX and running from the IHX to the steam
generators, the entire IHTS is contained within the steam generator facility that is part of the
reactor building.

The secondary sodium exits the upper portion of the IHX after being heated to 488 °C. The
sodium then exits the reactor containment and traverses the short distance to the adjacent steam
generator compartment that is on the nuclear island. Here, the hot sodium enters the top of the
steam generator and transfers heat to the steam before exiting at the bottom of these units. After
exiting, the secondary sodium circulates to the intermediate pump where it is pumped back to the
reactor containment and tube side of the IHX.

The tube walls of the IHX constitute the principal barrier for isolation of the activated
primary sodium from the sodium in the secondary system. In the unlikely event of an IHX tube
leak, sodium leakage will occur from the IHTS to the PHTS due to the fact that the secondary
system is maintained at a pressure of at least 0.6 bar (8.5 psig) in excess of the primary system.
The excess pressure is due to sodium hydrostatic head that is provided by the higher elevation of
the secondary loop relative to the primary loop (see Figure 11.4-1). Radiation detectors on the
outlet (hot leg) piping from the IHX monitor for indications of contamination of the secondary
loop sodium.

Major components in each of the four loops include the mechanical pump, steam generator,
sodium storage tank, and the piping connecting these components to each as well as the IHX and
steam generator. Design details of the IHX and steam generator systems are provided in
Sections 11.3.3 and 11.5.3, respectively. Details regarding the balance of key system components
are provided below.
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Figure 11.4-1 Hlustration of IHTS Layout

Auxiliary systems that connect to the IHTS main loop that are necessary to achieve
operational requirements include a circulating sodium purification system, trace heating, thermal
insulation, and instrumentation that monitors key system parameters including flow rate (with
permanently installed magnetic flowmeter in each cold leg), and temperature differential across
the IHTS (with thermocouples installed at the steam generator inlet and outlet legs).

[1.4.2 Intermediate Sodium Pump

One sodium pump is used in each IHTS loop. Each unit is a vertically mounted, single stage,
single suction, free surface, centrifugal mechanical pump with a lower radial hydrostatic bearing
operating in sodium that is fed from the delivery side of the impeller. The pump shaft rotates in
two bearings, the lower being a radial hydrostatic bearing and the upper usually a radial-axial
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roller bearing or a liquid or grease lubricated sliding bearing. The impeller is usually positioned
below the hydrostatic bearing. There is an axial or radial guiding duct. A gas shaft seal is placed
below the upper bearing, and a flexible coupling connects the shaft of the pump and its variable
speed electric drive. The stationary part of the intermediate sodium pump, consists mainly of a
stationary tank, tank cover, internal structural assembly, and casing. The tank cover and all
internals are removable. A thermal shield is located just below the tank cover. A pressurized
argon cover gas is used between the sodium level in the pump tank and the thermal insulation.
The cover gas is controlled at a reasonable pressure to maintain the pump net positive suction
head (NPSH) available and to prevent the air in-leakage into the system.

As in previous designs, each pump is installed in a tank with the piping inlet and exits at the
top and bottom of the tank, respectively. The pumps are completely separate so that the IHTS
loops can be operated independently to produce the desired operational characteristics.

As noted earlier, the overall pump design is quite similar to the primary mechanical pump.

11.4.3 IHTS Piping

The IHTS piping consists primarily of the main system hot and cold legs which make the
necessary connections between the IHX and the steam generator. The hot leg piping connects to
the secondary sodium outlet of the IHX directly to the steam generator sodium inlet. The IHTS
cold leg piping connects the sodium outlet from the steam generator to the intermediate pump
tank inlet and then from the pump tank discharge to the secondary cold sodium inlet to the IHX.

The IHTS piping is constructed from 61 cm OD, 1.74 cm thick-walled (24 inch Schedule 40)
316 stainless steel piping, primarily because of the lack of corrosion issues for sodium and the
ease of fabrication with this material. The use of this piping diameter and schedule maintains the
sodium flow velocity through the secondary piping system below ~ 7 m/sec, which is a rule-of-
thumb design criterion for these types of systems. The use of 316 stainless steel requires
dissimilar metal welds connecting the austenitic Type 316 stainless steel to the ferritic steels used
in the IHX. The welding technology for joining these dissimilar metals is well established.

Inside the reactor building, the IHTS piping is enclosed in secondary piping so that in the
unlikely event of failure of the main system piping, the sodium is contained which greatly
reduces the possibility of a major sodium leak. In addition, the steam generator building,
containing the IHTS, is seismically isolated on the same platform as the reactor itself, which
eliminates differential motions between these two structures during seismic events. This
simplifies the design for piping hangers and supports that would otherwise need to be equipped
with snubbers or other motion-dampening devices if the reactor building were not integral to the
nuclear island.
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Table 11.4- 1 Intermediate Sodium Pump Characteristics

Parameter’

Type

Quantity

Mass flow rate

Volumetric Flow rate
Pump head (psig)
Temperature

Power

Efficiency

Drive voltage

Drive current

Drive frequency

Pole count

Net positive suction head —
required

Net positive suction head —
available

Mass

Pump height (length)
Pump outer barrel diameter
Pump case diameter

shaft diameter

Suction nozzle diameter
Discharge nozzle diameter
Drive motor mass

Drive motor length

Drive motor diameter
Drive motor rotational speed
Material

104

Value
Mechanical
4
1290 kg/s
1.476 m¥/s
0.23 MPa
326 °C
404 kKW
84.09%"
4160 V
100 A
60Hz
4
10.36 m of sodium @
326°C
14.2 m total
1.6 m of sodium
12.6 m of cover
pressure at 326°C
7647 kg
7.65 m without motor
1.27m
0.97 m
0.09 m
0.86 m
0.86 m
3700 kg
2.3m
1.1m
1000 rpm
304 SS



[1.4.4 IHTS Sodium Storage Tank, Expansion Tank, and Cleanup System

A small secondary loop is included in the IHTS to maintain sodium volume and to provide a
purification pathway for the secondary sodium. The loop supplies sodium from a cold trap to the
mechanical pump tank to maintain a constant level of sodium in the IHTS loop. The
recirculation system uses a fill and overflow approach to maintain the sodium level constant.
Spillover into the mechanical pump tank overflow line flows through the secondary piping to the
storage tank. Sodium is then pumped from the storage tank by a small recirculation pump
through interconnecting piping to the cold trap. After circulating through the trap, the sodium
circulates back to the pump tank.

The circulating sodium to the storage tank keeps the tank at system temperature during
normal operations. When flow is not available, trace heating is used to keep system components
above the sodium freezing point.

Pressurized argon cover gas is maintained in the pump tank upper plenum. Subsystems must
also be provided to control the argon cover gas pressure and supply.
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1.5 Power Generating System

[1.5.1 System Requirements and Description

A Rankine steam cycle is the reference power conversion system for ABR. This system
utilizes heat from the Intermediate Heat Transport System (IHTS) to produce steam. The steam
is delivered to the turbine, which drives the electrical generator. This is the same power
conversion technology that has been used for all sodium-cooled fast reactors built to date. This
technology is well developed and, with the exception of the steam generators and the Sodium
Water Reaction Pressure Relief System (SWRPRS), the system components are largely off-the-
shelf items available from commercial vendors. At this point in the preconceptual design
process, attention has been focused on the power production side of the system. However, a
preliminary design for the SWRPRS has also been developed as part of this work, and this is
described later in this section.

Steam generator concepts that have been developed over the years include the double-walled
straight tube design that operated successfully for over 30 years for EBR-II, the hockey-stick
design that was developed by Rockwell for the SAFR concept, and the Helical Coil Steam
Generator (HCSG) that was developed by GE for the Prism Mod-B Concept. For the purposes
of this pre-conceptual design, a modified version of the HCSG design is adopted, as it is readily
scaled to different reactor power levels.

The main components of the steam generation system include four sodium heated steam
generators (one for each IHTS loop), a feedwater system, and a steam distribution system. The
sodium side of each steam generator is connected to the hot and cold legs of the main sodium
piping on the secondary (tube) side of each IHTS loop.

The steam cycle selected for application to the ABR is a superheated cycle with dual reheats.
Five feedwater heaters are used to increase cycle efficiency. The steam generator is a once-
through design with feedwater entering the bottom of the steam generator at a temperature of 216
°C, and superheated steam exiting from the top at a temperature of 454 °C. The high pressure
turbine receives steam at 2250 psia, and the low pressure turbine exhausts to a condenser at a
pressure of 5 cm (2 inches) of mercury. The power conversion system produces approximately
380 MW of electric power. The steam cycle system design parameters are summarized in Table
11.5-1.
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Table 11.5-1 System Cycle System Design Parameters for 1000 MWt Design.

Parameter Value
Primary (Core) Thermal/hydraulic Data

Core Power 1000 MWt
Core Inlet Temperature 355°C
Core Exit Temperature 510 °C

Core Temperature Rise 155°C

Core Sodium Mass Flowrate 5028 kg/sec
IHTS Loop Operational Data

Number of Intermediate Loops 4
Secondary Loop Heat Capacity 250 MWt
Loop Hot Leg Temperature 477 °C
Loop Cold Leg Temperature 326 °C
Loop Temperature Drop 151°C
Loop Sodium Mass Flowrate 1290 kg/sec

Helical Coil Steam Generator (HCSG) Operational Data

SG Inlet Pressure 167 bar

SG Feedwater Inlet Temperature 216 °C

SG Feedwater Mass Flowrate 111.8 kg/sec
Steam Exit Temperature 454 °C
Steam EXit Pressure 155 Bar
Saturation  Temperature at Exit 345°C

Pressure
Steam Exit Superheat 109 °C

[1.5.2 Steam Generator System

11.5.2.1 Steam Generator

The function of the steam generator is to produce steam for the turbine-generator set from the
heat transported to it via the primary heat transport system and the intermediate heat transport
system. Steam is generated under normal power conditions (40-100% power), and under decay
heat conditions, using the Benson cycle. That is water is preheated, evaporated, and superheated
in the single pass through the steam generator with no recirculation. Each intermediate heat
transport system feeds high temperature sodium to one steam generator. The steam generator
building is located adjacent to the reactor containment building and on the base isolation system.
Each steam generator unit operating at full power provides the turbine with steam at ~450C and
2250 psig from approximately 250MWth transferred from the IHTS. The steam generator
produces superheated steam between 40 and 100% of the power.
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As noted earlier, a steam generator design similar to that utilized in the GE Prism Mod B
plant concept is proposed for the ABR. The steam generator is a helical coil, vertically oriented,
sodium-to-water, countercurrent flow, shell-and-tube type unit featuring once-through operation.
Four 250 MWt steam generator units are utilized for ABR; one for each IHTS loop.

The steam generator design utilizes the identical tube diameter, thickness, and pitch-to-
diameter ratio as for the PRISM Mod B helical-coil design. Moreover, the tube length and
helical pitch are the same. Thus, if the water and sodium mass flowrates per tube are conserved,
then 184 tubes per unit are selected to achieve the required 250 MWt heat exchange rate based
on a linear scaling of the Prism design (viz., 630 tubes for 845 MWt rating). A diagram that
illustrates key elements of the scaled steam generator design is provided in Figure 11.5-1, while
key design data are summarized in Table 11.5-2. Aside from the thermal power rating, the
thickness of structural elements (i.e., upper and lower tube sheets, as well as shell and elliptical
head thicknesses) have been scaled to approximately preserve peak mechanical stresses for a
given pressure loading. Moreover, the diameters of inlet and exit piping on both the sodium and
steam sides of the HCSG have been scaled to approximately preserve flow velocities, which then
approximately preserves pressure drops at the various points within the steam generator.

During full power operation, feedwater flow to the steam generator is regulated by a 20 cm
(8 inch) main control valve. The main feedwater line breaks into four 15 cm (6 inch) feedwater
nozzles located on the bottom head of each unit. These nozzles supply water to the inlet of the
steam generator at 216°C temperature and 167 bar pressure. The GE design incorporates flow
restrictors with a pressure drop of 6.5 bars at the tube inlets to increase static and dynamic flow
stability over a wide load range. After entering the steam generator, the water flows up through
the tube side of the 3.18 cm OD, 98.5 m long tube bank while absorbing energy from the sodium
on the shell side of the unit in a counter-current flow configuration. The water then exits the
steam generator as superheated steam at a temperature of 454°C and pressure of 155 bars through
four 20 cm diameter (8 inch) steam nozzles located in the top head of the unit. These four
nozzles are then headered into the 30 cm diameter (12 inch) main steam line leading to the
turbine generator building. To aid in plant control and monitoring, flowrate and temperature
measurements are made both at the feedwater inlet and steam exits to the steam generator.
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Table 11.5- 2 Scaled Once-Through HCSG Design Data for 1000 MWt Plant Design

Parameter Value
Capacity 250 MWt
Operational Mode Single Pass

Configuration

Cross-Flow; Shell and Helical

Coil; Tube Side Water/Steam Flow

Number of Tubes 184
Tube OD 3.18 cm
Tube ID 2.00 cm
Overall Tube Length 98.5m
Tube Material of Construction 2-1/4 Cr-1 Mo
Overall Tube Heat Transfer Surface 1806 m?
Area
Heat Transfer Surface Area Margin 20%
Tube Bundle Transverse Pitch 5.72 cm
Tube Bundle Longitudinal Pitch 4.76 cm
Tube Pitch Angle 7.55°
Number of Tube Coil Rows 6
Helical Coil Bundle Height 11.6 m
Vessel Outside Diameter 281 cm
Inner Shroud Outside Diameter 137 cm
Steam Generator Height 20.72 m
Water Side Tube Pressure Drop 11.72 bar
Inlet Restrictor Pressure Drop 6.55 bar
Sodium Side Pressure Drop 0.19 bar
Shell Thickness 3.81cm
Elliptical Head Thickness 4.45 cm
Tube Sheet Thickness 8.89 cm

On the shell side of the unit, sodium is headered from the 61 cm diameter (24 inch) IHTS hot
leg supply line from the IHX into four 30 cm diameter (12 inch) nozzles that provide the
pathway for the sodium to enter through the upper elliptical head of the unit. The sodium then
flows in a counter-current flow configuration on the shell side of the heat exchanger while
delivering heat to the steam/water mixture on the interior of the tubes. The sodium then exits the
steam generator through a single 61 cm diameter (24 inch) pipe that constitutes the cold leg of
the IHTS.

The total system can be operated on either 3 or 4 loops, so steam generator maintenance can
be conducted during operation at 75% power. There are sodium isolation valves that allow for
isolating the steam generators for maintenance and during steam generator casualties, if needed.
The units are designed to accommodate the transients specified in the duty cycle.

Particular attention is devoted to the prevention and quick detection of leakages between
water and sodium in the steam generator. The overall configuration and the design details are
both evaluated in terms of prevention of leaks. Very high quality is demanded of the tube-to-tube
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and tube-to-tube sheet welds. A fast response leakage detection system is included in the IHTS
and the steam generator systems. In case of a large sodium-water interaction, the steam generator
includes a means of isolating and dumping the water side of the steam generator and discharging
the reaction products into a separate vessel. Maintainability and repairability have a high
importance in the design of the steam generator. In case of a leak, the location must be readily
identified and methods of plugging the leaking tube easily implemented.

11.5.2.2 Steam Cycle

A Rankine superheated steam cycle power conversion system concept has been developed
for the reference ABR. Layouts of key system components, piping, and instrumentation have
been roughed out for the purposes of the ABR pre-conceptual design phase. The overall system
layout is shown in Figure 11.5-2, while system piping and instrumentation are shown in Figure
11.5-3. The power conversion system, which is based on standard technology currently employed
in fossil-fueled power plants, includes both high pressure, intermediate pressure, and low
pressure turbines. Other key system components include a moisture separator and two steam
reheaters, as well as three low-pressure and two high-pressure feedwater heaters. The pre-
conceptual design and analysis activities have included a calculation of the overall system
electrical production cycle efficiency using the plant performance software GateCycle (GE
Energy). For a given system configuration, this tool calculates design and off-design
performance of power plants incorporating Rankine or gas turbine cycles. Based on the system
design requirements provided in Table 11.5-2, the calculated overall cycle efficiency for the
system shown in Figure 11.5-3 is ~38 %. The system heat balance is shown in Figure 11.5-4.

The main steam system transports superheated steam from the two steam generators through
a common steam header pipe to the high-pressure turbine inlet valves. Steam is extracted from
the high- and intermediate- pressure turbines and is piped to the steam reheaters which condition
the steam transported from the intermediate-pressure turbine exhaust to the low pressure turbine
inlet. The main steam system includes a turbine bypass to the condenser to prevent a reactor trip
in the event of a turbine trip.
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11.5.2.3 Auxiliary Systems

Main auxiliary system components include the feedwater and condensate systems, and the
circulating water system. The water quality and chemistry of the plant must be carefully
controlled. High purity feedwater is required to prevent deposition of impurities on heat transfer
surfaces and to preclude intergranular stress-corrosion cracking of the heat transfer surfaces.
This requires careful attention to the design and material selection for each component of the
system, i.e., on-line water monitoring, full-flow filters, full-flow demineralizers, and pH control.

The main function of the condensate system is to condense and collect turbine exhaust steam
and water, to reject excess heat, to transport the condensate collected at the condenser hotwells to
the deaerator, and to provide the initial condensate/feedwater heating. The main function of the
feedwater system is to transport the feedwater collected at the deaerator storage tank to the steam
generators at the required flow rate, temperature, and pressure for all operating conditions. This
system not only includes the feedwater and condensate systems, but also the condensate
demineralizer system. The function of the demineralizer system is to improve the chemistry of
the condensate stream in order to make it acceptable for a once-through steam generation system.
The feedwater and condensate systems are shown in Figure 11.5-5. This design is based on
standard components commonly used in the power generation industry. The design and
maintainability of the feedwater system is as important as the design of the steam generator
system.

A makeup water system is also provided. This system supplies makeup water that meets the
feedwater chemistry requirements. The makeup water system utilizes standard components
commonly used in power plants.

The circulating water system rejects waste heat from the main condenser shells to the
atmosphere through a cooling tower. This system is shown in Figure 11.5-6.
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[1.5.3 Sodium-Water Reaction Protection System

The sodium-water reaction protection system provides separate relief paths for small (or
intermediate size) leaks and for large leaks depending upon the quality and stability of the steam
generator design. The smaller leaks are regarded as all those leaks which permit timely detection
and response by the operator in systematically shutting down and draining the affected unit to
terminate the reaction before leakage exceeds about 0.45kg/s or 1lb/s. The reaction products
from these leaks can be efficiently handled by an oil sparger system of the type that has proven
effective in sodium-leak testing. Such systems are inexpensive and passive in their operation,
and they are relatively easily returned to readiness after a leak. Location of this system is not
shown in the schematics.

A large leak cannot be handled by manual response and by such as simple system, and
requires automatic sequences or rapid shutdown, blowdown, dumping of liquids, and isolation to
terminate the reaction and preserve the integrity of the plant equipment. Relief and
accommodation of the greater volume of reaction products requires a reaction products tank and
will probably also require use of a cyclone separator to reduce the particulate emissions to an
environmentally satisfactory level. The sodium-water reaction protection system will be design
to handle a design-basis leak. The design-basis leak is characterized by the ID of a steam
generator tube and resultant choke flow of water that can be postulated to enter sodium in the
event of a sudden double-ended break, by the number of surrounding tubes that are postulated to
fail similarly through wastage caused by the initial leak, and by the additional reaction products
associated with the secondary tube failures.

The SWRPRS acts automatically to isolate and dump the defective steam generator when the
occurrence of a large leak (>0.45kg/s or >1lIb/s) causes the failure of the main rupture disc to
occur within milliseconds. This is followed by reactor scram, secondary system pump and
primary pump coastdown in the affected system, and pressurized inert gas blanketing of the S/G
water side to prevent back-leakage of sodium into the water system.

Small leaks (<4.5g/s or 10"-2 Ib/s) can be handled by isolating and dumping the steam
generator manually, followed by inert gas blanketing. It is anticipated that the majority of leaks
in a plant fabricated with adequate quality assurance, particularly for welds, will be handled in
the latter manner. Figure xxx shows a schematic of the SWRPRS.

The major components of the SWRPRS are rupture discs, reaction product tanks, centrifugal
separators, interconnecting piping, igniter, check valve and stack. The components are included
within the envelope defined by the rupture disc attachment flange and the sodium water reaction
product discharge piping outlet to the atmosphere. A typical design approach is given in Figure
11.5-7. This design includes double rupture disc assemblies on the sodium pipes just downstream
of the steam generator outlet to provide overpressure protection. Pressure relief piping on each
IHTS loop leads to one vertically oriented reaction product separator tanks within the steam
generator building where gross separation of liquid, solid, and gaseous material is obtained. This
tank is located on the main floor below the steam generators. Gaseous reaction products with
entrained particles pass from the reaction products separator tank to a centrifugal separator where
additional separation occurs before the hydrogen is vented and burned in the atmosphere. An
igniter is located on the vent stack downstream of the atmosphere seal provides for controlled
burning of the hydrogen. Provisions are made to flood the entire SWRPRS, IHTS, and failed
steam generator module with nitrogen following pressure relief. The solid and liquid reaction
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products (and some sodium) which is separated from the hydrogen is contained in a drain tank
below the centrifugal separation tank where it is always under an inert gas.

Rupture Discs

Rupture discs are generally employed at three different locations in a SWRPRS. They are
used to protect the IHTS and SG shell from the potentially catastrophic effects of the pressure
pulses associated with large sodium-water reactions that might occur within the steam
generators. They are also used to protect the IHTS against over-pressure from an intermediate
sodium-water reaction and other causes of over-pressure that increase the pressure of the IHTS in
a gradual manner. Finally, they are used at the top of the discharge stack to provide a seal
between the inert gas atmosphere within the SWRPRS and the atmosphere under normal plant
operation conditions.

Reaction Products Separator Tank

The Reaction Products Separator Tank is the first in-line component in a relief system
(downstream of the rupture discs) which is required to collect the bulk of the solid and liquid
reaction products. These tanks should have a tangential inlet nozzle on the top. The tangential
inlet nozzle causes the SWR products which enter the tank from the steam generator’ to
experience centrifugal forces that separator most of the liquid and solid reaction products from
the gaseous reaction products.

This tank is located as close as possible to and immediately below the steam generator. The
required tank volume is dependent on the hardware configuration, but is currently sized to
accommodate a full drain of one intermediate sodium loop with reserve capacity. In the case of a
tube rupture, a relief nozzle at the top of a steam generator vessel opens (tube break in gas
space), only part of the inventory must be accommodated, whereas, a vent in the bottom requires
a larger volume. In either case, all or part of the IHTS loop sodium volume would have to be
accommodated.

Cyclone Separator

The cyclone separator consists of a cylindrical shell fitted with a tangential inlet through
which the dusty gas enters, an axial pipe for discharging the cleaned gas, and a conical base with
dust discharge. The main objective in a centrifugal separator is to create a vortex which will
centrifuge the dust particles to the walls, hence they can be transported into the dust collecting
hopper out of the influence of the spinning gases.

Hydrogen Burner

The hydrogen burner is located in the exhaust stack duct and provide ignition of any
hydrogen generated as a result of sodium-water reaction.
Oil Sparger

An oil sparger (not shown) is part of the sodium/water reaction protection system and can be
brought on line for small steam generator leaks. If there is a small leak than the sodium water
reaction products can be diverted to the oil sparger. The reaction products are bubbled through
the oil sparger where water and sodium reaction products can be separated and allow hydrogen
to be off-gassed to the atmosphere.

" In this case, the ABR steam generator produces superheated steam. If the proposed ABR
concept has separate evaporators and superheaters, then there would be piping from each
component to the SWRPRS.
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[1.5.4 Generator System
The turbine generator for the reference ABR plant was not physically sized. See steam
section for thermodynamic data.

[1.5.5 Auxiliary Systems
A discussion of the Balance of Plant auxiliary systems can be found in section 11.12. Balance
of Plant Systems.
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1.6 Shutdown Heat Removal System

11.6.1 System Requirements and Description

The shutdown heat removal system is completely independent from the normal decay heat
removal through the intermediate heat transport system, and is activated only when the normal
heat removal system is disabled. The system consists of three independent, redundant, and
diverse heat removal loops. Each loop consists of a small in-vessel Direct Reactor Auxiliary
Cooling System (DRACS), a secondary natural draft heat exchanger (NDHX), an expansion
tank, and an exterior stack that forms the natural draft pathway for dissipating the decay heat to
the atmosphere. A schematic diagram showing key elements of the system is shown in Figure
11.6-1
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Figure 11.6-1 Schematic Diagram of a Shutdown Heat Removal System
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The DRACS heat exchangers are positioned directly in the sodium cold pool. Moreover,
there are no valves or other mechanical devices that isolate the primary sodium from the
DRACS. Thus, during full power operation, primary cold pool sodium circulates at a modest
flow rate through the shell side of the DRACS. However, when activated, buoyancy-driven
natural convection flow of the primary sodium through the DRACS is initiated.

The core decay heat is transferred by natural convection flow of primary sodium from the
reactor hot pool through the IHX flow path to the cold pool. Heat from the primary sodium cold
pool is then transferred through the DRACS to the secondary sodium-potassium (NaK) eutectic
passing through the heat exchanger tubes. All three loops are capable of operating in a natural
convection mode, in which buoyancy driven convection causes the secondary NaK to circulate
through the natural draft heat exchangers where the airflow transfers the heat from the NaK to
the atmosphere. The secondary NaK flow circuits (one for each of the three independent
systems) are completely passive without any valves or constrictions to limit the flow during
normal operation or shutdown conditions.

On the tertiary (air) side of the systems, the natural convection circuits are passive except for
magnetically latched dampers that prevent air flow on the air inlet side of the three NDHXs.
Upon loss of electrical power to the electro-magnetic latch, the dampers fail by gravity in the
open position. The DRACS are brought into full operation by opening of these dampers. The
dampers are designed to provide an air leak rate that corresponds to nominally 1 % of the full
design flow rate in the closed position, which results in a parasitic heat loss of ~ 18 kW during
full power operation. This minor heat loss is included in the design to maintain the correct
natural convection flow patterns in the primary, secondary, and tertiary sides of the system so
that proper natural convection flow patterns are established immediately upon system activation.
Moreover, continuous heat addition to the system is desirable in regions where the ambient
temperature can fall below the NaK freezing temperature of nominally -13°C.

Alternatively, two of the three DRACS loops are capable of operating in a forced convection
mode to control (i.e., limit) the heat removal rate from the reactor vessel during planned
shutdowns (e.g., fuel shuffling operations). As shown in Figure 11.6.1.1, the secondary NaK
sides of these two loops are equipped with EM pumps, so that the loop flowrates can be
modulated by adjusting the applied voltage to the pumps. The tertiary air loops on these two
units are also equipped with fans so that the heat removal rate through the NDHXs can be
adjusted as needed. The EM pumps and fans are selected since these devices have large open
flow areas that do not significantly impede natural convection when the loops are operated in
that manner.

The three DRACS are designed to remove 2.5 MW each at normal operating conditions. The
thermal rating for each DRACS thus corresponds to 0.25 % of the core full power rating of 1000
MWt. The three DRACS are thus capable of removing 7.5 MWt of decay heat at design
conditions. Since the DRACS are located inside the reactor vessel, any leakage from the DRACS
or ancillary piping will not lead to coolant drain.

Key design parameters for the DRACS are summarized in Table 11.6-1, while a drawing that
illustrates key features is provided in Figure 11.6-2. The DRACS is a shell-and-tube, counter-
current flow-type heat exchanger with primary flow on the shell-side, and NaK flow on the tube
side. The DRACS HXs are mounted in vertical pipes that extended upwards through the
horizontal portion of the redan into the sodium hot pool. This installation approach maintains the
DRACS HXs at a high elevation in the cold pool to promote natural circulation upon activation
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of the shutdown heat removal system. Primary sodium enters the annular opening between the
outer shell of the DRACS HXs and the riser pipe in the redan and flow upwards. The flow then
turns 90° and enters the shell side of the DRACS HXs through an annular ring opening in the
shroud located just below the upper tube sheet. The sodium flows by natural convection down
through the tube bundle while dissipating heat. The sodium then returns to the cold pool through
a second annular ring opening located just above the lower tube sheet, and just below the redan
lower surface. Cold secondary NaK enters the DRACS through a 15 cm diameter downcomer.
The downcomer delivers the cold NaK through the lower tube sheet into a header manifold,
where it then turns 180° and rises through the tube bank in counter current flow to the shell side
primary sodium. The hot secondary NaK exits the tubes into an upper header manifold, and then
flows through an annular riser which is concentric to the downcomer. The downcomer is double
walled with an annular gap for thermal insulation between the hot and cold streams.

Table 11.6-1 DRACS Design Parameters

Heat transfer capacity 2.5 MWt
Heat transfer area 174 m’
Primary sodium temperature inlet 510 °C
Primary sodium temperature outlet 355°C
Primary sodium mass flowrate 12.6 kals
Secondary NaK temperature outlet 484 °C
Secondary NaK temperature inlet 328 °C
Secondary NaK mass flowrate 17.5 kg/s
Tube outer diameter 2.22 cm
Tube wall thickness 0.9 mm
Tube Pitch 3.79cm
Active Tube length 250m
Number of tubes 100
Upper Tube Sheet - Area 0.125 m?
Upper Tube Sheet - Thickness TBD
Lower Tube Sheet - Area 0.125 m
Lower Tube Sheet - Thickness TBD
Annular width of riser region to DRACS window inlets 6.9cm
OD of unit, including riser 46.9 cm
Shell thickness 6.4 mm
Material 9Cr-1Mo

Both the downcomer and the annular riser pipes are equipped with bellows just above the
shroud to accommaodate any differences in thermal expansion between the piping and the body of
the DRACS itself (which is rigidly attached to the vertical piping that supports the EM pumps).
The upper tube sheet is welded to the shroud, while the lower tube sheet floats. Thus, the design
accommaodates differential thermal expansion within the tube bank also.
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Figure 11.6-2 Details of DRACS Design

The DRACS were sized for the target heat removal rate of 2.5 MWt through a
thermal/hydraulic analysis that includes models for heat transfer and pressure drop on both the
primary (shell) and secondary (tube) sides. The methodology and parametric analysis results are
described in Section 111.8.
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Consistent with the thermal rating of the DRACS, each NaK-to-air NDHX is designed to
remove 2.5 MW decay heat. The unit is a horizontal tube, cross-flow design. Key design
parameters are summarized in Table 11.6-2. The unit is equipped with fire suppression plate and
catch basin to mitigate the effects of a NaK tube bundle leak. The damper to the unit is
magnetically latched to fail open under gravity upon loss of electric power. The unit will also
have a manual hand-wheel operation capability.

Air flow through each NDHX is induced through a dedicated exhaust stack, one for each
unit. Each stack is 5 m high and 8.25 m? in cross section. The stacks are of lightweight steel
construction and are insulated. Each secondary NaK loop contains an expansion tank to
accommodate changes in system volume due to variations in temperature. The tank has one NaK
nozzle on the bottom and one gas nozzle on the top, which supplies argon cover gas to the tank
and permits pressure control. The tank is located at the high point in the loop. The resultant
NaK static head is sufficient to operate the loop with expansion tank cover gas pressures at, or
slightly below, atmospheric pressure. In the event of a leak in the DRACS, loss of radioactive
primary sodium into the secondary NaK loop will not occur. In the event of a leak in the NDHX,
the resultant spill is minimized because of the low expansion tank operating pressure.

Table 11.6-2 NDHX Design Parameters

Heat transfer capacity 2.5 MW

Design Finned tube cross-flow, four pass
Active tube length 9.55m
Material Type 304 stainless steel
HX tube OD (without fins) 4.22 cm

Tube wall thickness 3.55 mm

Fin height 3.2mm

Fin spacing 3.2mm

Fin thickness 1.0 mm

Total number of tubes 72

Tube horizontal center-to-center spacing 7.62 cm

Tube vertical center-to-center spacing 10.2cm
(between passes)

Stack riser cross-sectional area 8.25 m*

Stack height 50m
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[I.7 Fuel Handling System

[I.7.1 System Functions and Requirements

The fuel handling system is a key element of any fast reactor design. The major functions of
this system are to: i) receive, test, store, and then load fresh fuel into the core, and ii) unload
spent fuel from the core, then clean, test, store this fuel until decay power is sufficiently low, and
then ship the spent fuel. Major requirements are that the system must be reliable, replaceable
components, and relatively easy to maintain. In addition, the system should be designed so that
it does not adversely impact plant economics from the viewpoint of capital investment, plant
operations, and overall life cycle costs.

In-vessel fuel handling includes loading and unloading of subassemblies in and from the
core, as well as the transfer of fuel into temporary fuel storage locations. These operations
require handling of subassemblies under sodium while maintaining the reactor vessel in a sealed
state to maintain the inert atmosphere and to preclude air ingress. Ex-vessel fuel handling covers
the movement of fuel assemblies from outside the reactor vessel, through air locks in the reactor
building, and into other facilities on site for processing. For irradiated assemblies, as well as new
assemblies containing recycled fuel with high actinide content, additional requirements are that
the transfer devices (casks) used to move assemblies between the reactor building and fuel
storage facilities be designed to provide adequate shielding and cooling for decay heat removal.
The reduction in refueling operation time is important from the viewpoint of plant availability,
since long refueling intervals increase the plant outage duration. Overall plant reliability is also
important, since problems during refueling operations can also result in plant outages.

I1.7.2 Reference Fuel Handling System Design

11.7.2.1 Overall System Design

The ABR fuel handling system discussed here is based upon known technology. The major
components of the ABR fuel handling system are a dual rotatable plug (small rotatable plug is
off-center with the large rotatable plug), a straight pull fuel handling machine with a gripper, a
fuel unloading machine, in-vessel storage (located around the core barrel) area and an inter-
building cask used for transferring fuel to and from the reactor building. In-vessel transportation
from the core to the in-vessel storage, and from the in-vessel storage to the transfer position is
accomplished by a combination of movement of the dual rotatable plug and the fuel handling
machine. There are two in-vessel storage rings located around the reactor core barrel. The in-
vessel storage has 70 storage positions. The metal and oxide ABR cores generates 45 and 36
spent fuel subassemblies, respectively, per every refueling cycle (The both metal and oxide fuel
have 180 driver fuel subassemblies and batch numbers of the both designs are four and five,
respectively). The in-vessel storage accommodates spent fuel during one operation cycle (one
year). After the spent fuel decays in storage for a sufficient time, it is discharged from the
reactor vessel by means of the fuel unloading machine to the inter-building cask. The inter-
building cask is then moved out of the reactor building through the inter-building transfer tunnel
into the fuel handling facility.
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11.7.2.2 Main Components

11.7.2.2.1 Dual Rotatable Plug

The in-vessel handling of core components are carried out under the reactor vessel plug. The
ABR fuel handling system adopted a combination of a dual rotatable plug and a straight-pull fuel
handling machine. Rotatable plugs make internal fuel transfers possible while maintaining the
reactor vessel in a sealed and inerted condition. The fuel handling machine installed on the plug
can access every subassembly position, in-vessel storage position and inter-building cask access
position by means of combined motions of small and large rotatable plugs.

Located on the reactor cover is the dual rotatable plug system (Figure 11.7-3). The small plug
IS 4.8m (15.7 ft) in diameter and 2.5m (8.3 ft) in height. The large rotatable plug is 7.9m (25.9 ft)
in diameter with the same height as the small plug. Along with the fuel handling capability, the
rotatable plugs provide the necessary support for the control rod drive system and the fuel
handling machine, and provide access for the fuel unloading machine gripper to insert and
remove core assemblies.

Also supported from the small rotatable plug is the Upper Internal Structure (UIS) (Figure
11.7-4). The UIS gives the control rod guide tubes their necessary support. This consists of a 52”
diameter, heavy wall perforated tube with baffle plates. The control rod guide tubes penetrate
these baffles and extend to just above the reactor core.

The rotatable plugs are mounted on a motor driven bearing and employ an elastomer seal
around its perimeter to provide a gas tight seal with the cover. This seal maintains the integrity of
the primary vessel atmosphere while the plugs are operated. It is only rotated during fuel
handling operations (reactor shutdown). Once the reactor is safely shutdown, the control rod
drive lines are disconnected from the control rods and raised slightly into their respective guide
tubes in the UIS. Only then can the plugs be rotated and the FHM operated.
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The basic technology of using dual plug systems with a fuel handling mechanism has been
developed through domestic and international sodium cooled reactor experience. Except for
some early and/or small size reactor designs, such as EBR-1, SRE, HNPF, and SEFOR, generally
sodium fast reactors utilized rotatable plugs for in-vessel fuel transfers. Early rotatable plug
designs (EBR-II, Fermi, DFR, Rapsodie, KNK and Joyo) experienced buildup of sodium
products in the annulus between the rotatable and stationary plugs, or oxidation of the seal alloy.
These occurrences often resulted in significant reactor outages since the annuli were difficult to
access and clean.

Fermi experienced sticking of the rotatable plug due to the reaction of sodium with carbon
dioxide from borated graphite shielding. However, once this problem was solved, the silicon
elastomer seal performed very well and required no further maintenance until the reactor was
decommissioned [1]. The FFTF rotatable plug incorporated design improvements based on the
Fermi experience; i.e., an inflatable seal with argon gas purge was adopted. [2,3]. The FFTF
rotatable plug performed superbly with no maintenance required from 1979 to 1988. The CRBR
and SNR-300 plug designs also adopted inflatable seals. Under sodium tests with the SNR-300
triple rotatable plug design showed very good performance characteristics.
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PFR, Phenix, Superphenix and Monju all had rotatable plugs with liquid metal dip seals, and
all four of these operating plants experienced no significant difficulties during fuel handling
operations. These reactors all incorporated design improvements based on test reactor
experiences (i.e., DFR, Rapsodie, and Joyo).

11.7.2.2.2 Fuel Handling Machine

The primary function of the fuel handling machine (FHM), also called the In-Vessel Transfer
Machine (IVTM), is to transfer fresh core (fuel, shields, and reflectors) assemblies into and
remove spent core assemblies from the core barrel. It is also used to place them into the storage
rack and place or retrieve core assemblies from the transfer position inside the redan. (Figure
11.7-2). Historically there are three types of in-vessel under-the-plug fuel handling machines: i)
straight pull (EBR-II, CRBR, Superphenix, SNR-300 and Joyo), ii) offset arm (Fermi, FFTF,
Phenix and Moju), and iii) pantograph (PFR). These three designs had been demonstrated in the
past reactors and accumulated successful operation experiences. The straight-pull fuel handling
machine was adopted for this reference concept.

The FHM can raise or lower a core assembly, it can rotate a core assembly, and it can hold
down a core assembly. It can be positioned over any assembly within the core by a combination
of movement of the dual rotatable plugs (Figure 11.7-7).

The FHM is located and supported on the small rotatable plug. It is secured to the plug with a
bolted flange to resist any loads associated with the fuel handling operation. Using its gripper
mechanism, the FHM is capable of exerting up to 6000 Ibs of force to remove or insert a sub-
assembly in the core barrel. The FHM operates using three major components, the upper section,
support tube, and the gripper device.

The upper section is 36” diameter and located above the reactor cover inside a cylindrical
cover. It contains all the necessary drives and controls to operate the machine. This is the only
area expected to require routine maintenance. The controls used are commercially available,
motion controllers. These include servo motors and resolvers for position feedback, linked to
computer software with graphical depiction of position and administrative controls for every
operation. Load sensing and object interference is accomplished through a system of voltage
monitors on the drives. Each drive has manual override capability.
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Figure 11.7-4 ABR FHM and UIS

As discussed above, the straight pull type was selected as the reference baseline technology
for the ABR fuel handling machine. Though the straight pull fuel handling machine was already
demonstrated in past reactors. The experiences then showed that minor design changes could
affect basic fuel handling functions, sodium buildup problems and tolerances. And detail design
adjustment is required for newly designed subassembly handling. Therefore the ABR fuel
handling machine will require careful tests with a full scale mockup in air and under sodium.
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11.7.2.2.3 In-vessel Storage

There are two in-vessel storage (IVS) rings surround the reactor core barrel. The purpose of the
storage rack is to provide a location for fresh fuel assemblies to be preloaded into the reactor
vessel and to store spent core assemblies removed from the core and allowing them to decay
before removal from the reactor. The open construction of the rack and its proximity to the redan
and cold sodium pool induce a natural convection of sodium through the assembly to facilitate
adequate cooling of spent fuel assemblies. The in-vessel storage has 70 storage positions with
one position in the rack located directly below the fuel unloading machine (FUM) which is
located above the transfer port position on the large rotatable plug. The ABR core generates 45
spent fuel subassemblies during every refueling for metal fuel. The in-vessel storage
accommaodates spent fuel during one operation cycle (one year). At this conceptual design stage,
the ABR does not have any plan for ex-vessel sodium cooled storage. Spent fuel assemblies are
moved from the reactor building to the fuel handling facility. (Figure 11.7-13).
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Figure 11.7-5 ABR Storage Rack

In-vessel spent fuel storage systems were widely used in past reactors, like EBR-II, Joyo,
Fermi, FFTF, PFR and Phenix. EBR-II and Joyo both adopted IVS without ex-vessel storage
(EVS) like ABR. The EBR-II IVS could receive or send fuel subassemblies during reactor
operation, because the storage rack was placed outside the core barrel, the reactor core barrel had
a separate core cover, and the main primary coolant circuit was operable during refueling
operations. This system significantly reduced the duration of refueling outages, since only in-
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vessel fuel transfers between the core and IVS had to be conducted when the reactor was
shutdown. The Joyo IVS is placed around the core barrel and can not be accessed by the transfer
machine (fuel unloading machine) during reactor operations, because access to a target
subassembly requires motion of the rotatable plug. However, the design of the Joyo IVS has less
impact on the reactor vessel structure.

The ABR 1VS is similar to the Joyo IVS. It makes less impact to the reactor vessel structure
but requires longer refueling reactor outage. The estimated refueling time is discussed in another
section.

The cooling requirement for the ABR VS depends on when the refueling starts after reactor
shutdown. Figures 11.7-6 and 11.7-7 show that decay heat levels of metal and oxide fuels after a
reactor shutdown. The decay heat from the subassemblies decreases from 350 to 20 kW per
subassembly in ten days. It means that the cooling requirement could be approximately 16 MW
if the refueling starts immediately after a reactor shutdown. The recommended start time for
refueling operations is at least ten days after reactor shutdown. In that case, the cooling
requirement of the ABR IVS is approximately 1 MW assuming all of the fuel subassemblies are
discharged from the reactor vessel after one year storage.

1000

—e&——startup inner core
—=a— startup outer core
---A--- recycle inner core

X recycle outer core

decay heat (kW/subassembly)

1 T T T T T T
0 5 10 15 20 25 30 35

time after shutdown (days)

Figure 11.7-6 Decay heat against time after shutdown (metal fuel case)
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Figure 11.7-7 Decay heat against time after shutdown (oxide fuel case)

Another issue of IVS is the handling of failed fuel assemblies. In the ABR IVS system,
faulty fuels might stay in the IVS to reduce decay heat during certain duration including reactor
operation, since the ABR does not have an EVS system and a 10 kW decay heat subassembly
requires sodium cooling. Gas cooling of such a high decay heat fuel is still technically possible,
however it involves safety and economical issue (loss of cooling could cause further fuel failure
in a few minutes and cooling system requires expensive high-speed high-pressure compressors).
Failed fuel assemblies stored in the primary cooling system could affect sensitivity of further
failed fuel detection. Faulty fuel handling policy should be discussed in a future study.

11.7.2.2.4 Inter-building Cask

The FUM uses a shielded cask mounted on a self-propelled frame (Figure 11.7-14). The frame
traverses on rails between the Transfer Port and the Inter-Building Cask (IBC) pit area. The
FUM is equipped with a gripper for inserting and retrieving core assemblies from the transfer
position of the Storage Rack. The bottom of the machine has a movable seal to engage with the
Transfer Port or an IBC. Also located in this area is a shielded door to maintain an inert
atmosphere inside the FUM and to protect or shield the surrounding area from leakage and
residual radioactive contamination while being transported. The FUM also provides for proper
heating, cooling and inert gas atmosphere for transferring fuel assemblies between the core and
an IBC. The heated inert gas is also used to blow off residual sodium during spent fuel assembly
removal operations and return it to the primary vessel.
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The Transfer Port is located on the large rotatable plug. It provides an interface between the
FUM and the primary vessel. The Transfer Port provides the needed radiation shielding and inert
atmosphere seal to prevent oxidation of residual sodium during transfer. This seal also assists in
maintaining a pure argon atmosphere inside the reactor vessel.

A potential alternate design to the FUM and the Storage Rack is a design concept similar to
Phenix (CEA) (Figure 11.7-15). In this arrangement a rotating arm removes a sub-assembly from
the core barrel and places it in an “internal storage area”. The sub-assembly is allowed to release
decay heat in this area for a predetermined amount of time. The sub-assembly is removed from
the reactor using an immersed handling bucket. This sodium filled bucket holds a sub-assembly
which is maneuvered onto an A-framed transfer system. The bucket is raised on the A-frame,
rotated over a separate sodium pool outside the reactor, and lowered into the cooling pool.
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Figure 11.7-8 ABR Fuel Unloading Machine
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Figure 11.7-9 Phenix (CEA) A-frame transfer concept

11.7.2.2.5 Inter-building Cask

An empty IBC is located in the IBC pit area under the travel of the FUM (Figure 11.7-12).
The core sub-assemblies that have been irradiated in the reactor are transferred by the FUM to
the IBC located in the pit. Once filled, the IBC can then be moved by the reactor building
overhead crane to the Intra Building Transfer Tunnel (IBTT) where it is transported from the
reactor building.

There are two types of lead shielded Inter-Building Casks (Figure 11.7-16). One type of IBC
is used for fuel subassembly transfers that have had sufficient time to decay in their storage rack
inside the reactor, such that no active cooling is required to remove decay heat. This type of IBC
has the necessary shielding and inert gas atmosphere but without any active cooling for the
subassembly. Another type has all the same features but with active cooling, to remove sub-
assemblies that have not decayed adequately in the storage rack. It is expected that the actively
cooled IBC will see the most use.
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Figure 11.7-10 Actively Cooled Inter-Building Cask

Intra Building Transfer Tunnel (IBTT)

The IBTT is a sealed transfer tunnel used to maintain containment of the reactor facility
while transporting IBC’s to and from the fuel handling facility (Figure 1). The tunnel
atmospheric pressure is kept slightly below the reactor building. Each end of the tunnel has
hermetically sealed and interlocked doors to maintain containment. The tunnel door in the
reactor facility is opened and an IBC is brought from the IBC pit area and placed on the tunnel
carriage system. The tunnel door is then closed and sealed. This carriage provides a type of
conveyor system to move the IBC between facilities. Once the carriage carrying the IBC reaches
the other end the door is opened and the IBC is removed. At this time another empty IBC can be
transferred back to the reactor for reloading or the door can simply be closed and sealed while
the empty carriage returns. The IBTT is located on the nuclear island and therefore utilizes the
base isolation system.
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Long term decay heat changes of spent fuel subassemblies after a reactor shutdown are
shown in Figures 11.7-11 and 11.7-12. After one year in-vessel storage, the spent fuels are still at
levels of 2.8 and 4.3 kW for the startup and recycle metal fuel designs (2.6 and 5.0 kW for the
startup and recycle oxide fuel designs). Since the ABR fuel handling system was equipped no
EVS nor a sodium pot handling facility, spent fuel transportation with a sodium pot is not
available. Therefore, the inter-building cask needs to be equipped with a forced gas cooling
system with a cooling capacity up to 5 kW.
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Figure 11.7-11 Decay heat against time after shutdown (metal fuel case)
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Figure 11.7-12 Decay heat against time after shutdown (oxide fuel case)

Table 11.7-1 shows ex-vessel transportation in existing or past reactors. The cooling capacity
of forced gas cooling transportations is in the range about 2kW except for the HNPF and CRBR
cases. The cooling capacity of the HNPF ex-vessel fuel handling was 21 kW. The value is much
higher than the others. The major difference of the HNPF ex-vessel fuel handling was helium
gas cooling while the others adopted argon and nitrogen gas. Since the HNPF was only operated
from 1962 to 1964, it did not provide enough experience on ex-vessel fuel handling with helium
gas cooling. In the CRBR case, the cooling capacity of the ex-vessel fuel handling with argon
gas cooling was 6 kW. The value is still higher than those of the others with argon or nitrogen
gas cooling. Since the CRBR project was terminated before construction, the ex-vessel handling
was not demonstrated and did not accumulate any experience.

Choosing helium as ex-vessel handling coolant means that the reactor vessel cover gas will
also be helium gas. Since helium is more expensive than argon and sealing of helium is more
difficult than that of argon gas, argon gas is adopted as cover gas in recent sodium cooled
reactors. To adopt helium gas as ex-vessel handling coolant, a careful feasibility study is
recommended before a detailed design study.

Argon gas cooling for a 6 kW decay heat subassembly is also a challenge. The forced
convection cooling of subassemblies during transfers has experienced maintenance problems,
since the forced gas convection carries sodium vapor throughout the cooling system and the
vapor deposits on cold surfaces. A strong gas velocity can cause dripping and splashing
problems to occur. For example, at the Rapsodie reactor, forced circulation cooling within the
cask car was abandoned due to these problems. Fermi and SRE first adopted forced gas cooling
but did not adopt forced gas cooling in their Mark-11 casks according to their experiences. The
EBR-11 FUM replaced the argon gas blower with a new blower with sealed bearings to prevent
sodium buildup problems. In the case of the ABR inter-building coffin, since decay heat from
the spent fuel (6kW) is relatively higher than the past experiences (2kW), it is supposed that
sodium vapor and sodium splashing problems encountered previously may be worse.
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There are also known sodium dripping and buildup at the bottom of transfer casks that
resulted in malfunctions of the bottom valves in the Fermi, EBR-Il, FFTF, KNK and Monju
reactors. Some of the casks were modified to include larger drip pans or new valves. These
actions generally reduced the problems, but continuous maintenance was still required. The
EBR-II FUM and Fermi FTF grippers that traveled through both sodium and inert gas
experienced malfunctions caused by the buildup of sodium oxides. The gripper designs were
modified to include larger clearances that reduced the maintenance frequency.

According to past experience and the relatively higher decay heat, the inter-building cask will
require a careful design study and detailed design adjustments with mockup tests under sodium.

Table 11.7-1 Ex-vessel Fuel Handling in Past and Existing Sodium Cooled Reactor

max decay max decay

plant sodium pot heat (kW) gas cooling | heat (kW)

EBR-I - -1 ? ?
SRE - - | helium ?
HNPF - - | helium 21
EBR-II - - | argon 1.2
Fermi sodium pot with forced gas cooling ? | argon ?
SEFOR - - | argon ?
FFTF sodium pot with indirect cooling 10 | argon 1.4
CRBR ? 20 | argon 6
DFR - - | argon 2.5

sodium port with forced gas

PFR cooling 15 | nitrogen 2
Rapsodie - - | argon 2
Phenix sodium pot (shoot) 5 | nitrogen 2.5
Superphenix | sodium pot (shoot) 35 | nitrogen ?
KNK - - | argon ?
SNR-300 sodium pot 12 | argon 2
Joyo sodium pot ? | argon ?
Monju sodium pot 17 | argon 2.2
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[1.8 Instrumentation and Control Systems

[1.8.1 Flux Monitoring System

The neutron flux monitoring system has several functions: 1) to provide measurements that
aid in reactor startup and enable efficient plant control, 2), to monitor reactivity changes during
core loading or servicing and 3) to detect abnormal conditions that could threaten the integrity of
the fuel. As part of a test reactor, this system also provides neutron flux measurements to
characterize irradiation conditions for the test fuel. Thus the flux monitoring system provides
control signals for normal plant operation, signals to the plant protection system, and
measurements for the fuel testing program. The system is capable of measuring the neutron flux
level at all times and power levels while the core is loaded with fuel.

The main monitoring system functions over a reactor power range of ~1W to over 1200 MWt
and it consists of three subsystems, each having three redundant neutron detectors designed to
measure flux over a specific range. The source range (SR) subsystem employs detectors with the
lowest flux range and is used when the core power is less than a few kilowatts. The detectors are
high sensitivity, BF3-filled counters that generate a signal proportional to the thermal flux level.
The SR subsystem is used during low flux operations such as initial core loading, startup,
shutdown, and refueling. The system issues a warning if there is an unplanned approach to
criticality such as might occur with a refueling error.

The power range (PR) subsystem is active when the reactor is near its nominal full power
rating. The detectors are fission chambers optimized for high flux levels and a reactor power in
the range of ~100 kW to 1200 MW. An intermediate range (IR) subsystem with the same type
of detectors bridges the other two and is used at power levels between about ~100 W and 1 MW.
The range overlap between subsystems allows the operator to verify detector function before
switching to a new subsystem.

The detectors of the main monitoring system are located below the reactor vessel at the end
of guide tubes that enhance neutron flow to the sensors. Lead shielding is used to block gamma
rays from 2*Na and a layer of borated graphite shields the detectors from (y,n) reactions. The
precise size and orientation of the guide tubes will be selected to optimize the sensor signal/noise
ratio. Previous experience with Superphénix has shown that such an ex-vessel detector
configuration can be designed to have very little sensitivity to coolant temperature.

A system of in-vessel flux monitors supplements the main system. These detectors are held
within steel thimbles mounted on the rotating plug. The system includes BF3 detectors for low
flux levels to be used during the initial fueling and startup when the reactor shutdown power,
along with the neutron flux to the ex-vessel detectors, is at a minimum. These sensors may be
retracted from the thimbles for high power operation to prevent a loss of sensitivity due to
activation. Additional thimbles can be reserved to test detector designs or record flux levels at a
particular location as an element of a fuels test.
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[1.8.2 Heat Transport Instrumentation System

The instrumentation system provides information on the state of the heat transport system so
that the operator can control the reactor in a safe, economic, and efficient manner. A subset of
the instruments is dedicated to the plant protection system so that the reactor can be shut down
automatically following excursions beyond accepted operating set points.

Temperature

The majority of the sodium coolant temperature measurements are made with chromel-
alumel, insulated junction type thermocouples. The sensors are mounted within stainless steel
thermowells for protection and to provide a robust boundary for the sodium. Both the
thermocouples and thermowells are swaged at the tip to create the desired time response for each
measuring station. In addition, the sensors are spring loaded against the bottom of the thermowell
to improve time response.

Individual thermocouples will be used to measure the outlet temperature of each core
subassembly. A total of 180 chromel-alumel type thermocouples are used for the 180 fuel
subassemblies. These sensors provide protection against local cooling deficiencies caused by
flow blockages or equipment malfunctions. Abnormal conditions within a subchannel can be
indicated by either excessively high temperatures or the presence of increased signal noise
caused by subchannel boiling. In addition to the safety function, the thermocouples on each
assembly permit determination of the core power distribution through the use of an energy
balance.

Certain system calibration operations benefit from higher sensor accuracy than that
obtainable with thermocouples. These include in-situ flow meter calibration and measurements
to establish an accurate relationship between neutron flux readings and core power output.
Higher accuracy is obtained by using resistance temperature detectors (RTDs). Like the
thermocouples, the RTDs are mounted within stainless steel thermowells for protection against
the sodium.

Level

Level is measured in the hot and cold pools, the intermediate loop expansion tanks, and the
two main system dump tanks. A subset of the pool sensors is made up of short range units to
measure level under normal operating conditions when the reactor vessel sodium inventory is at
its nominal level. Some of these sensors are reserved for the plant protection system to measure
hot-to-cold pool level difference. This is one of the methods used to confirm proper operation of
the primary pumps. Other sensors are long range, extending down near the bottom of the reactor
vessel, and are used for filling and draining operations. Level meters are also used in the
intermediate loop to monitor sodium inventory and provide an early alert to large-scale leaks.
Each level meter uses an inductive sensor mounted within a steel well for protection.

Flow rate

At this conceptual design stage, both mechanical and electromagnetic (EM) type pumps are
being considered for the main coolant pumps (although the reference is mechanical pumps). If
mechanical pumps are chosen, the flow rate will be inferred from measurements of motor speed
and the pump performance curve. For EM pumps, the flow rate is a function of the supplied
current, which can be accurately measured with electrical equipment outside the vessel. Level
meters in the hot and cold pools are used as backup flow indicators. For full flow operating
conditions, the level difference between the hot and cold pools is about 2 m.
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Flow rates through the intermediate heat transport loops are measured with permanent
magnet flow meters located on the cold legs. A U-shaped magnet assembly provides the
magnetic field and electrodes attached directly to the pipe wall carry the flow rate signal. The
electrodes are made of the same material as the pipe to avoid thermally-induced potentials.

Core thermal power

Thermal power of the entire core is found using flow rate and the average temperature rise of
the coolant:

P

core — m CpATavg

where ™ is the core mass flow rate and Cp IS the specific heat of the sodium. The power outputs
of individual subassemblies can be calculated using coolant temperature measurements at the
subassembly outlets:

P =a,mc,AT,

where AT; is the difference between the measured outlet temperature for the i subassembly and
the average inlet temperature. The parameter a; accounts for the flow distribution through the
various subassemblies and it is determined by a core design code.

Pressure

The intermediate loop will be operated at a pressure slightly higher than that of the primary
system so that tube leaks in the IHX will not result in a transfer of radioactive sodium from the
primary to secondary side. The operating pressure of the intermediate loop will be measured
with pressure transducers connected to the main piping via NaK-filled capillaries. The pressure
of the cover gas within the reactor vessel is measured with conventional pressure transmitters.

[1.8.3 Radiation Monitoring System

The radiation monitoring system measures and records radiation levels in the plant and
surroundings to ensure the safety of plant personnel and the general public during normal
operating conditions and in the event of a plant malfunction. The system detects and measures
the concentrations of airborne radioactivity and monitors activity levels in liquid and gaseous
effluents. The system also provides alarms when radiation levels exceed acceptable limits.

A portion of the radiation monitoring system serves the plant safety system by providing
sensor signals that can be used as trips in the event of accidental radiation release. Radiation
monitors trigger containment isolation in the event of a sizable radiation release within the
containment. The radiation monitoring system is also used to survey the reactor cover gas to
check for elevated fission gas levels that could indicate failed fuel, and to detect fuel handling
and criticality accidents.

[1.8.4 Impurity Monitoring and Analysis System

The overall performance and reliability of the plant can be affected by the level of impurities
within the sodium coolant. This occurs through its influence on the properties of structural
materials and cladding, component performance, the malfunction of mechanisms, and other
factors. The role of the impurity monitoring system is to continuously measure the sodium
impurity level within the pool and intermediate heat transport loop. The impurity monitoring
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system is able to enhance plant availability and economic performance by predicting or
preventing problems associated with chemical impurities.

The principal measurement system for impurity monitoring is the well-known plugging
meter. With this system, a small amount of sodium is shunted to a bypass loop where it passes
through a temperature-regulated section containing an orifice. Under a constant driving pressure
supplied by an electromagnetic pump, the flow rate through the bypass loop is determined by the
size of the orifice. Cooling the sodium within the temperature-regulated section causes
impurities to precipitate and collect within the orifice, which reduces the flow rate. The
saturation temperature of the impurities is close to the temperature at which the initial decline in
flow rate is observed and this temperature is an indication of the sodium impurity level. Once
the flow decline is detected, the cooling system is deactivated to allow an increase in sodium
temperature, dissolution of the impurities, and reestablishment of the nominal flow rate in
preparation of another measurement. The system automatically cycles between flow rate set
points and can repeat the measurements indefinitely. The plugging meter can also be run in a
continuous, rather than cyclic mode in which the temperature is regulated to maintain partial
plugging.

Figure 11.8-2 shows the basic layout of the impurity monitoring and analysis system.
Plugging temperature indicators (PTI) are used for both the pool and intermediate loop. To
monitor sodium from the pool, fluid is pumped continuously from the reactor vessel cold pool.
A fraction of the flow is shunted to the PTI and returned to the sampling line. A similar system
is operated on the intermediate heat transport loop cold leg. PTlIs are placed both before and
after the cold trap to measure the general level of system impurities and to monitor cold trap
performance.

The PTI can generally provide only the saturation temperature of the precipitating impurities,
but not their chemical composition. For a more detailed analysis of the coolant, a sodium
sampling system (SSS) is used. The system diverts a portion of the sample stream to a system
of valves that permit the collection of the sample in a receptacle that is then taken to the
laboratory for detailed laboratory analysis. The analysis provides the concentrations of tritium,
corrosion products, particulates, and fission products. Because the hot pool sodium is
radioactive, the corresponding SSS must be operated remotely and shielded sample receptacles
must be used to protect personnel.

Figure 11.8-2 also shows a cover gas sampling system (CSS) that is used to monitor the
impurity level in the argon cover gas within the reactor vessel. Cover gas is pumped
continuously in a circuit with a filtering stage to eliminate sodium vapor and aerosols. A portion
of the clean gas is shunted to the CSS where sensors such as oxygen and humidity sensors
measure the air and water content of the gas. These sensors are able to provide a prompt
indication of air leakage into the vessel. The system is also equipped to extract samples for
laboratory analysis by filling evacuated bottles. The bottles are shielded to protect personnel
since fission gases may be present in the cover gas.

[1.8.5 Leak Detection System

The leak detection system is required to assure safe reactor operation, protect equipment, and
enhance plant availability through early fault detection. This system is not required to shutdown
the plant, remove decay heat, or prevent off site radiation exposure and so it is not classified as a
safety system.
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Figure 11.8-1 Schematic of impurity monitoring system

The leak detection system is required to detect small leaks (10-100 g/hr) within a time frame
of tens of hours, and large leaks (> 1 kg/min) within minutes. The system is also designed to
provide the general location of the leak. A wide assortment of sensors is necessary to monitor
the diverse elements of the plant and to provide prompt detection.

Leakage faults can be divided into three general categories, each requiring a particular set of
instruments for fault detection:

e Loss of sodium from the primary system or intermediate heat transport loop into the
reactor enclosure

o Water leakage from the tube side of the steam generator into sodium
o Sodium leakage between the intermediate heat transport loop and the reactor pool

The first class of faults is dealt with using a combination of level sensors, cable detectors,
and an assortment of atmospheric monitors distributed throughout the reactor enclosure. Level
sensors in the pool and intermediate loops register large-scale losses of sodium. Cable detectors,
which are placed in the guard vessel and below tanks and intermediate loop piping, can discern
more moderate leaks. These detectors are stainless steel sheathed cables with a central conductor
and mineral oxide insulator. Holes in the sheath allow leaked sodium to come in contact with the
conductor, causing an electrical short between the electrode and sheath which alters the signal
from the no fault condition. Aerosol detectors are used to identify both small leaks and
moderate-sized ones that are missed by cable detectors. Two types of aerosol detectors are
employed. One is a sodium ionization detector that uses a hot filament to ionize liquid metal
aerosols and vapor. An increase in aerosol concentration produces a corresponding rise in ion
current, indicating the presence of a leak. The second type of detector operates as an aerosol
collection system in which sample gas is passed through a membrane filter at a constant flow
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rate. Any aerosols present in the sample gas are filtered, which raises the pressure drop across
the filter and provides an indication of a leak.

Water leakage from the high pressure secondary side into the sodium of the intermediate heat
transport loop is detected by measuring the level of hydrogen within the sodium. Hydrogen
detection is based upon the diffusion of hydrogen through a thin-walled nickel membrane. A
carrier gas flows by the membrane at a low rate so that an equilibrium hydrogen concentration is
established within the gas. The carrier then flows to a hydrogen measurement system.
Hydrogen concentration within the sodium is proportional to the square root of the measured
hydrogen pressure. The system measures hydrogen concentrations in the range of ~0.1-10 ppm.
Oxygen is measured with ceramic electrolytes that act as electrochemical cells to provide a low
level voltage signal that can be related to oxygen concentration. These sensors operate on the
same principle as conventional electrochemical oxygen sensors with one electrode immersed in
the sodium and the other a reference gas (or oxide).

Leakage between the intermediate heat transport loop and the reactor pool can, in principle,
occur in either direction through a breach in the IHX. However, the operating pressure of the
intermediate loop is, under normal conditions, higher than the pool pressure to prevent leakage of
radioactive sodium into the intermediate loop. Though such leakage is unlikely, radiation
monitors on the cold legs between the steam generator and IHXs are able detect this type of leak.
A significant increase in measured activity would provide an indication of probable leaks in the
IHX. For the more likely case of leakage from the intermediate loop into the pool, level meters
are relied upon to show the accompanying changes in coolant inventory.

[1.8.6 Data Handling and Signal Transmission System

The data handling and transmission system (DHTS) is a distributed computing system
linking the plant control system with all remaining aspects of plant monitoring, trending, and
data analysis. It also provides remote access to plant data and operational status.

Figure 11.8-2 shows the basic architecture of the DHTS. The system uses an Ethernet-based
network to link PCs to plant databases containing both current and historical plant data. The
databases are updated continually by the plant control system (PCS) and are for the use of
supervisors, maintenance personnel, regulatory agencies, etc. Though the PCS computers have
access to the databases via the Ethernet, other computers will not, in general, be able to access
the PCS via the network. In general, access to plant data by anyone other than the operators
within the control room is obtained through the data bases on the LAN and not directly through
the main control room computers. Remote access privileges to the PCS computers are available
to a very limited number of authorized personnel. In all cases, the type of plant data available for
access depends upon user privileges.

[1.8.7 Plant Control System

The purpose of the PCS is to maintain the neutron flux, coolant flow rates, and other plant
processes at levels that meet requirements imposed to ensure safety, efficiency, and protection of
plant equipment. The PCS is responsible for plant control during start-up, power generation,
shutdown, and standby. It monitors and regulates the neutron flux and compensates reactivity
changes resulting from fuel burnup, temperature effects, and other factors. The PCS is
responsible for coordinating the operation of nuclear island systems with those of the power
conversion system and the auxiliary systems.
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The lowest level of the PCS hierarchy is made up of sensors, actuators, and programmable logic
controllers (PLCs) linked through a high-speed data bus. Low level control of the actuators is
handled by the PLCs while programming of the PLCs and higher level computing functions are
managed by computers within the main control room. A main console within the control room
provides operator access to the PCS. Redundant systems are used to ensure that operators are
able to monitor and direct the PCS under both normal operating and accident conditions.

[1.8.8 Plant Protection System

The plant protection system is designed to shut down the reactor when one or more process
variables move beyond predetermined thresholds. The system therefore limits damage to the
reactor, including the fuel, and prevents the release of radioactive materials to the environment
by retaining them within either the reactor vessel or primary containment. The plant protection
system operates independently of the plant control system.
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Figure 11.8-2 Schematic of data handling and signal transmission system

The sensors used for the plant protection system are separate from those used for plant
control. The following parameters are monitored by the plant protection system and used to trip
the reactor when an abnormal condition is detected:

e Neutron flux and coolant temperature at core outlet. Protect against overpower
transients and prevent high fuel temperatures.

e Sodium level. Trip reactor upon low pool level indicating coolant leakage from
reactor vessel into guard vessel. Trip on low level in the intermediate heat transport
loop expansion tank indicating loss of coolant from the loop.

e Pump status and rate of change of flow rate. Protect against loss of flow and
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uncontrolled flow changes.

o Intermediate loop pressure and SG hydrogen levels. Loss of SG integrity would be
indicated by an abnormal pressure increase on the shell side of the SG and/or
detection of hydrogen produced by sodium/water reactions.

o Delayed neutron emission levels in the primary coolant and fission gas concentration
in the cover gas. These parameters are indicators of fuel integrity.

e Acoustic signals. Ultrasonic sensors detect the presence of subcooled boiling, which
can indicate flow blockages within subassemblies.

The plant protection system also allows the reactor to be scrammed manually. Switches in
the control room can be used by the operator to shutdown the reactor at any time.

[1.8.9 Communications

A diverse set of equipment will be available for communication among plant personnel and
between the plant and outside agencies. Diversification ensures the ability to communicate
during both normal plant operations and in the event of severe plant disruption. The
communications system consists of:

e Public address system for intra-plant communications. The system delivers site-wide
or localized messages along with alarms such as fire, high radiation, and evacuation
alarms.

« Microwave communications system to provide a wireless link between the plant and
neighboring DOE facilities.

o Portable radio systems for two-way communications at any plant location. These
systems are used for maintenance operations, traffic control, and fire protection. A
separate system is used by plant security personnel.

e Security intercom system for closed communications between security personnel at
the main security station and remote security stations.

o Offsite law enforcement radio system for communication with outside law
enforcement agencies.

o Conventional telephone network for routine intra-plant and inter-office
communications.

[1.8.10 Industrial Security and Safeguards System

The industrial security and safeguards system is designed to protect plant equipment and
personnel, and to prevent the theft of special nuclear materials. The system is designed to defend
against the design basis threats specified in regulations. The key requirements for the security
and safeguards systems are:

« Allow plant access only to authorized personnel and material

o Prevent the theft of special nuclear materials

« Prevent the sabotage of critical plant equipment

o Deter, detect, and delay unauthorized activities and assaults on the plant

To minimize the required size of the security force, the plant is divided into nuclear and non
nuclear areas, each operated with appropriate levels of security. All safety grade components
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and systems are located within the nuclear island to minimize the area requiring the highest level
of protection.
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1.9 Primary Plant Auxiliary Systems

In order to ensure long term, safe operations of the sodium systems, the chemistry of the
system must be controlled and monitored by a set of auxiliary systems that are common to all
liquid metal reactors. Although the chemistry does not affect the nuclear operation directly, it is
important for the hydrodynamics of the system as well as for corrosion and contamination
control. One goal is to ensure stable hydrodynamics on the long term to promote an efficient and
constant heat transfer, which can be affected by oxide formation or mass transfer within the non-
isothermal circuit. Another goal is to ensure the maintenance and component handling easiness
by reducing the activated corrosion products.

The following auxiliary sodium systems are included:

e Sodium purification system for purification and monitoring of sodium circuits, such
as crystallization and plugging indicators

o Cover gas purification system for purification and monitoring of the argon cover gas
e Sodium sampling and analysis system for contamination monitoring
e Primary and secondary sodium storage system

e Sodium reaction system for component handling, cleaning, and decontamination
(located in the Maintenance Building)

The sodium purification deals not only with the hydrogen and oxygen impurities introduced
during the initial startup or maintenance operations, but also with other potential source of
impurities such as the sodium/water interaction products.

[1.9.1 Reactor Vessel Heating System

Four electrical reactor vessel immersion heaters provide supplementary heating of the bulk
primary sodium to maintain a minimum sodium temperature of 120EC whenever the reactor is
not operating at sufficient power to make up for the total heat losses from the primary system.
Heaters are also required during the initial sodium fill and startup.

Each heater is installed through a heater nozzle in the reactor vessel cover. Power to the
heaters is supplied from 480V 3-phase AC power or, if necessary, by an emergency diesel
generator.

[1.9.2 Guard and Thimble Cooling System

Normally, the heat induced in the biological shield, air baffle tank, and primary support
structure, by losses from the reactor vessel bulk sodium, is dissipated by the shield cooling
system. The shield cooling system consists of two basic systems operating in parallel: an air
recirculating and cooling system and an exhaust air system. Power is normally supplied by the
480V distribution system. If this were to fail, power to the exhaust air system would be supplied
by an emergency generator, and to the air recirculating and cooling system by another diesel
generator. This shield cooling system also has alternate blowers and air conditioning equipment
which is automatically switched on if a failure of the primary units were to occur.

A total heat load generated for the most part by heat losses from the reactor vessel sodium to
the surrounding biological shields, is dissipated by the forced circulation of cooling air provided
by the shield cooling system. The reactor vessel top support structure, the insulated top surface
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of the reactor vessel cover, and component nozzles are cooled primarily by the reactor building
air which is drawn into the system and flows through ducts to cool these areas.

Recirculated air is made available from the cooling coils and blower and provides cooling for
the radial and lower biological shields and the reactor vessel. Since the shield cooling system
operates at a slightly lower pressure than the building atmosphere, a certain amount of air in-
leakage occurs which simplifies the cooling of certain areas which cannot be connected to a
closed system.

A thimble cooling system is provided to maintain the neutron detection instruments, which
are positioned in thimbles (not currently shown) next to the core barrel, at a temperature of less
than 65EC. Backup cooling includes a standby turbo compressor. If this also fails, thimble
cooling can be manually transferred to the shield cooling exhaust system. Operating power for
the thimble cooling system is normally supplied from the 480V power distribution system. The
thimble cooling loads are automatically transferred to the emergency diesel generator during a
loss of electrical power. If neutron detection instruments can be found that withstand ambient
core conditions, then the thimble cooling system can be eliminated.

[1.9.3 Primary Sodium Purification System

The primary sodium purification system provides continuous purification of the primary
sodium and consists of the following loops: 1) primary sodium recirculating loop — cold trapping
loop, 2) sodium-potassium alloy (NaK) loop, and 3) silicone loop.

The purification system provides control of impurity concentrations of sodium hydride,
sodium monoxide, cesium, and possible other fission products at temperatures just above the
melting point of sodium. The control of impurities in sodium is required to lesson the corrosion
rate of reactor vessel, piping, and materials since sodium impurities could cause metal surface
removal (which could affect the load-carrying capability of reactor materials), fouling of heat-
transfer surfaces through surface deposits, and reduced mechanical properties of materials caused
by changes in base alloy composition.

Major components of the sodium purification system are the primary sodium purification
plug containing the sodium suction and return lines, sodium surge tank, electromagnetic pump,
nuclide trap, cold trap (an economizer and crystallizer tank), a NaK loop, and a silicone loop.

The nuclide trap is designed to trap Cs-137 and possibly other fission products from the
incoming sodium, upstream of the cold trap. The nuclide trap consists of a type 304 stainless
steel cylinder that contains reticulated vitreous carbon, a very porous, low-density carbon filter
material, to adsorb fission products. Depending upon shielding design, the trap can contain a
significant curie count of Cs-137. A second filter mounted inside the cylinder contains a sintered
stainless steel filter to prevent any of the carbon material from being carried out of the nuclide
trap and into the main sodium coolant.

The cold trap consists of a regenerative heat exchanger to minimize overall heat losses and a
crystallizer tank to cold trap the sodium impurities. The heat exchanger is on the wall near the
crystallizer within the shielded cell. The regenerative heat exchanger is intended to reduce the
heat losses resulting from cooling the primary sodium from 510°C down to cold-trapping
temperatures. It is also intended to heat up the purified sodium from the cold trap to
approximately bulk sodium temperature for return to the primary tank. The sodium crystallizer
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tank removes the sodium oxide and other impurities from the primary sodium through
precipitation on wire-mesh cylinders and in stilling baffles. It is cooled by the NaK loop.
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[1.10 In-Service Inspection

In-service inspection (I1SI) is the examination required during the plant operation lifetime for
early detection of potential failures. Its objectives are to 1) confirm the integrity of the function
of systems, structures and components necessary to safety, and 2) satisfy the need to protect
plant investment and to assure high plant availability. In this regard, the in-service inspection
approach for ABR is established in such a way that inspectability of all components of the
reactor system is ensured.

[1.10.1 In-Service Inspection Requirements

The in-service inspection approach used for ABR is based on the rules and requirements
delineated in Division 3, Section XI of the ASME Boiler and Pressure Vessel Code, “Rules for
Inspection and Testing of Components of Liquid-Metal Cooled Plants”. The Code sections
specify the identification and classification of components subject to inspection, provisions for
accessibility, examination methods and procedures, inspection plans and schedules, and repair
requirements.

11.10.1.1 Components Subject to Inspection

The ASME Code specifies inspection requirements for nuclear safety grade components
containing liquid-metal and cover-gas in liquid-metal cooled nuclear plants. The rules are
established based upon anticipated service environments of the systems which contain sodium
coolant and upon protection against failure of the liquid-metal coolant boundaries. For example,
it is anticipated that, due to the low vapor pressure of sodium and the inherent ductility and
toughness of the coolant boundary material, the reactor vessel and reactor internal structures will
not fail with sudden release of energy. Also, double walled pipes and vessels are used for
protection against loss of core cooling, and inert gas is introduced within all the plant
components containing free liquid metal surfaces.

In-service inspection of safety grade components of a liquid-metal reactor that contain other
fluids, such as water, may be provided by references to articles in Section Il, Division 1 of the
Code.

11.10.1.2 Accessibility

Providing adequate access for inspection and maintenance is an important factor in the
reactor design. Article IMA-1500 of the Code specifies that accessibility provisions shall be
made with the following considerations:

1. Access for the inspector, examination personnel, and equipment necessary to conduct
the examination.

2. Capability for removal and storage of structural members, shielding components,
insulating materials, and other equipment and components required to perform the
visual observations, examinations, and tests.

3. Installation and support of handling machinery (e.g. hoists or other handling
equipment) where required to facilitate removal, disassembly, and storage of
equipment, components, and other examinations.
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4. Performance of alternative or additional examinations to those specified herein in the
event structural defects or indications are revealed that may require such alternative
examinations.

5. Performance of necessary operations associated with repair or replacements of system
components in the event structural defects or indications are revealed that may require
such repair or replacements.

11.10.1.3 Examination Methods

The ASME Code specifies four types of examination methods used during in-service
inspection, namely visual, surface, continuous monitoring, and volumetric examinations.

Visual Examination is the primary method of inspecting for liquid-metal retaining
components. The ASME Code defines the following categories of visual examination:

1. VTML1: close range examination to detect discontinuities and imperfections on the
surface of components, including such conditions as cracks, wear, corrosion, or
erosion.

2. VTMZ2: examination of exterior surfaces in such a way that accumulation of liquids,
liquid drops and smoke are discernable. The removal of external covering, such as
insulation, is not required for VTM-2 visual examination.

3. VTM3: examination to determine the general mechanical and structural conditions of
components and their supports by verifying parameters such as clearance, settings,
and physical displacements; and to detect discontinuities and imperfections, such as
loss of integrity of bolted or welded connections, loose or missing parts, debris,
corrosion, wear, or erosion.

Continuous monitoring (CM) of the region outside the liquid-metal and cover-gas
containment boundary can provide detection of leakage. Other operation parameters, such as
pressure, coolant flow, temperature, flux, vibration can be monitored to supplement other
examination methods.

Surface examination is used to detect the presence of surface or near-surface cracks. It may
be conducted by either a magnetic particle or a liquid penetrant method.

Volumetric examination is used to detect cracks and discontinuities throughout the volume of
the material. The recognized techniques are radiographic examination, ultrasonic examination,
and eddy-current examination.

These examination methods may be substituted by alternative examination methods, a
combination of methods, or newly developed techniques, if they are demonstrated to be
equivalent or superior, and accepted by the inspector.

11.10.1.4 Inspection Plans and Schedules
The Code requires that inspection plans shall be developed, which delineate the following:
1. Classification of the components and the boundaries of the system.
2. Identification of components subject to examination and testing.

3. Code requirements by category, item number for each component and the
examination or test to be performed.
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4. The Code Cases proposed for use and the extent of their application.
5. Schedule for performance of examination and tests.

It is also required that all the liquid metal retaining components shall be continuously
monitored for leakage. These requirements are delineated in this section for reactor internals and
vessel, and summarized in Table 11.10-1.

Reactor internals are required to be inspected by VTM-3 visual examination methods. VTM-
3 inspections may be conducted by direct or remote visual examination, dimensional gauging,
and ultrasonic scanning. The key guidelines and principles for the inspection requirements are
summarized as following:

1. For integrally welded components, observe dimensional or positional relationships
that are required to ensure a coolable and controllable core geometry and adequate
coolant circulation.

2. Observe the location of each removable or non-welded component and verify the as-
installed location of visible fasteners.

3. Components for which the applicable requirements above cannot be met shall be
examined by some other methods capable of determining the general condition and
functionality of the component.

The reactor vessel is required to be continuously monitored for liquid-metal leakage and
periodically inspected by VTM-2 visual inspection. This visual inspection is required for all weld
joints in the reactor vessel---longitudinal and circumferential shell welds, meridional, and
circumferential head welds, shell-to-flange welds, and shell-to-head welds.

The Code specifies inspection time intervals during which the inspection should be
performed. Accordingly, the inspection schedules for ASME Class 1 liquid metal or cover gas
retaining components may follow the programs given in Table 11.10-2 or 11.10-3. The in-service
inspection of the subject components shall be completed during each of the inspection intervals
for the service lifetime of the plant. Each inspection interval may be decreased or extended by as
much as 1 year. Deferral of inspections to the end of the interval is permitted. During each
interval, 100% of the reactor internal structures must be examined. For the reactor vessel, 33%
of the vessel welds must be examined, so that essentially 100% of the vessel welds are inspected
by the end of the third interval.
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Table 11.10- 1 In-Service Inspection plan Requirements for Liquid-metal Cooled reactor Components

Code

Schedule & Extent

ltem Components Examined ISI Method 1% inspection | Successive
interval Intervals
B1.10 Reactor Vessel (RV) VIM-2 33% 33%
Cont. monitoring | 100% 100%
B5.10 Reactor Vessel: Circumferential shell welds joining dissimilar metals *Volumetric 100% 100%
Guard Vessel VTM-3 100% 100%
Cont. monitoring | 100% 100%
F1.10 Reactor Support — bolts & welds VTM-3 100% 100%
B12.20 | In-vessel components above sodium level VTM-3 100% 100%
B12.10 | Integrally welded Reactor Internals: VTM-3 100% 100%
Core support/Retainer/Inlet Manifold and plenum/Thermal barriers
B12.20 | Removable reactor internal components VTM-3 100% 100%
EM Pumps, IHX Cont. monitoring | 100% 100%
B3.10 Reactor Cover (rotating plugs and deck) Cont. monitoring | External or External
B3.20 Control rod drive and other above cover mechanisms containing cover gas adjacent to or adjacent
B3.30 Primary cover gas systems — vessel welds, piping welds, valves and stem surface to surface
B3.40 seals, other gas tight components) monitored monitored
B6.10 Reactor Closure Bolting
Liquid metal retaining heat transport loop piping protected by guard pipe VTM-2 33% 33%
- circumferential/longitudinal welds (100% for **) | (100% for
B8.10 - branch pipe connection welds** **)
B8.14 - piping boundary Cont. monitoring | 100% 100%
B9.10
C2.30 | Guard pipes on intermediate liquid metal boundary VTM-3 100% 100%

- all guard pipe welds
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Table 11.10- 2 Inspection Program A (Table IMB-2411-1)

Inspection Inspection Minimum Maximum
Interval Period, Calendar | Examinations Examinations
Years of Plant Completed, % Credited, %
Service
1 3 100 100
2" 7 33 67
10 100 100
3" 13 16 34
17 40 50
20 66 75
23 100 100
4" 27 8 16
30 25 34
33 50 67
37 75 100
40 100

Table 11.10- 3 Inspection Program B (Table IMB-2411-1)

Inspection Inspection Minimum Maximum
Interval Period, Calendar | Examinations Examinations
Years of Plant Completed, % Credited, %
Service
1" 3 16 34
7 50 67
10 100 100
2" 13 16 34
17 50 67
20 100 100
3" 23 16 34
27 50 67
30 100 100
4" 33 16 34
37 50 100
40 100

[1.10.2 Examination Techniques

11.10.2.1 Description of Examination Techniques

The following examination techniques are adopted for the conduct of in-service inspection of
ABR:

Continuous Monitoring: The in-service inspection approach heavily utilizes continuous
monitoring of various operating conditions. Sodium vapor sensors can monitor the presence of
sodium vapor in the atmosphere, and in the annular space between the reactor vessel and the
guard vessel. Sodium liquid detectors can monitor the presence of liquid sodium in bottom of a
vessel. Gas pressure gauges are used for leakage testing of a vessel by direct pressurization.
Radiation sensors monitor an area for cover-gas leaks. In addition, various sensors are available
for monitoring the conditions of reactor internals—flow, pressure, vibration, temperature, coolant
level, and pump power. These technologies are readily available.
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Remote Operated Robotic Vehicle (ROV): These vehicles can be equipped with cameras and
light sources to inspect parts of the components inaccessible by human, such as the reactor/guard
vessel surfaces and the reactor support skirt. This robotic device should be able to navigate in
small areas of vertical vessel walls, to precisely position the camera, and to endure high
temperature and radiation. Currently, this technology is not available on a commercial basis.

Electromagnetic Acoustic Transducer (EMAT): These transducers can be used for volumetric
inspection of structural elements, such as the reactor vessel. Compared to ultrasonic transducers,
this device is particularly suitable for remote inspection because it does not require corpulent
fluid and is adequate for high temperature use.

Eddy Current Examination: This method can be used for detection of structural failures in
pipes and tubes of NSSS systems.

Periscope/Camera: Periscope or camera systems, inserted through the access port inthe
reactor head closure, can be used to visually observe the cover gas area within the containment
boundary. Special provision is needed to keep the camera lens clear from sodium vapor build-up.

Dimensional Gauging Probe: In areas where dimensional gauging is not possible with direct
visual observation, positioning mechanisms can be used to indirectly verify structural integrity of
structural components. In-vessel fuel handling gripper mechanism, or an equivalent indexing
mechanism can be used for this purpose.

Under-Sodium Viewer (USV): Due to the opacity of sodium, the reactor internals below
sodium level cannot be observed with optical means. To this end, conceptually, under-sodium
viewing devices may be effectively utilized to carry out visual inspection of the components
submerged under sodium. Typically, these are ultrasonic metrology devices that emit high
frequency sound waves and receive the reflecting waves to perceive environmental objects.
Special design provisions are made to match the acoustic impedance with sodium, and to
withstand high temperature use. This device can be used for mapping the core, horizontal baffle
and vessel liner during and following fuel handling, and also be used as a core sweep at the start
of refueling. Currently, the benefits of using this device are uncertain because of the immature
state-of-the art of the technology.

11.10.2.2 Evaluation of Examination Techniques

To ensure inspectability of the reactor system, it is important to adopt proven and readily
available inspection techniques. While most of the above techniques are well developed, some of
the techniques are based on a relatively immature technology basis, and require improvement. In
particular, the following techniques need special and increased attention:

Under-sodium Viewing

Due to the opacity of the sodium coolant, the under-sodium viewing technique is important
for ensuring full inspectability of reactor internals and internal components. Visual inspection is
needed not only for the normal VTM-3 inspection, but also for supplemental close-up viewing.
With available USV technology, many difficult inspection processes will be made possible or
simplified. Otherwise, inspections may require complex design provisions and procedures, which
may involve draining of sodium to expose the parts. In spite of the apparent benefits, however,
the current state-of-the-art of the technology exhibits some significant limitations against its
deployment.
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The first limitation attributes from unavailability of high temperature ultrasonic transducer.
The typical transducer materials have relatively low Curie temperature, and thus they will lose
the piezoelectric characteristics in the high temperature environment inside the reactor. Some
piezoelectric material, such as LiNbO3 (Lithium Niobate), can withstand high temperature, but
their sensitivity is known to be impractically low. In addition, the bonding between the
piezoelectric element and the face plate tends to fail easily at high temperature.

Another limitation is the result of the inaccuracy of measurements taken. To make accurate
ultrasonic measurement, the object’s surface has to be flat and in the transducer should be faced
normal to the object surface. It is difficult to measure the pose of the parts with curved or oblique
surfaces, especially when the surface is specular. Since most parts are of such nature, it is not
possible to use current ultrasonic techniques for general imaging. To circumvent such technical
difficulty, flat plates may be provided at predefined locations in order to facilitate accurate
positional measurement at these locations. However, such design provisions require substantial
installations and may be impractical for general purpose inspection. Due to such difficulties, the
current ultrasonic viewing techniques have limited success only in ranging mode operation,
which intends to identify the presence of an object, such as for path clearance during fuel
handling.

To this end, technology development is needed to develop sensor configuration for high
temperature use, and to improve measurement accuracy. Such improvements may benefit from
recent advances in sensor and signal processing technologies.

Remote Operated Robotic Vehicle for Reactor Vessel Inspection

The ASME code requires visual inspection of the reactor vessel (RV) welds. The annular gap
between the reactor vessel and the guard vessel (GV) is made large enough to allow access for
the remote operated robotic vehicle to perform remote visual inspection. Since this ISI gap
contains sodium in case the reactor vessel leaks, it determines the faulted sodium level in the
reactor. Therefore, minimizing the ISI gap will bring about significant benefit of reducing the
sodium level variations in faulted conditions. This is a significant benefit in terms of reactor
design, because it allows for reducing the height of the reactor, resulting in a more compact
reactor, and, thus, alleviating design requirements for many reactor internal components. In this
regard, the successful development of a small size robotic vehicle will be a significant benefit to
economical plant designs.

Presently, no commercially available robotic system is able to meet the unique requirements
of reactor vessel inspection, such as having small size, and being tolerant to high temperature
and radiation. Recently, reactor vessel inspection robots have been developed for a few sodium
cooled reactors, such as Monju in Japan and Super Phoenix in France, but the developed systems
are much larger in size. Therefore, development of a new robotic system will be necessary, with
emphasis on size-reduction, adaptation to high temperature use, and design of the locomotion
mechanism and the camera system. Recent advances in robotics and inspection technologies
should be useful for the needed development.

[1.10.3 In-service Inspection Approach for ABR

In-service inspection approaches for ABR are established based on the following general
guidelines, which are consistent with the ASME Code, Section XI:
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In-service inspections will be conducted during refueling or service outage.
Available examination technologies are adapted to the unique needs of the ABR.
Access provisions are provided for all components of the reactor system.

Design provisions are made to reduce possible areas and modes of failures.

All liquid metal and cover gas containment boundaries will be continuously
monitored for leakage.

6. Continuous monitoring of reactor operating variables will be utilized to supplement
or replace other inspection methods, whenever possible.

7. Problem areas observed in the normal in-service inspection will be further
investigated.

The in-service inspection approaches provide for both normal and supplemental inspections.
The supplemental inspections may be required to follow-up on these examinations in the event
the normal inspections indicate deviations from normal operating or structural conditions.

o~ e

11.10.3.1 Approaches for Accessibility

The ABR design has incorporated access provisions for in-service inspection according to the
code requirements. These design provisions include:

1. Annular space (ISI gap) between reactor vessel and guard vessel for inspection.
2. Entry ports in the reactor support skirt for access to the ISI gap.

3. Access provisions to allow inspection of the reactor deck structure.
4

Space for installing work platforms and lighting and shielding and insulation during
inspection and maintenance.

Verification that welds requiring inspection are not in inaccessible locations.

6. Access provisions for inspection within the reactor vessel. These provisions include
access ports in the reactor deck and the rotating plug, passage holes in the horizontal
baffle plates, and passage to the bottom of the core support structure.

In addition to accessibility, a major design focus was directed to reducing the possible areas
and modes of failure. By reducing the possible failure modes, it is possible to reduce inspection
requirements. For example, the core support load path is arranged in such a way that critical in-
vessel structures are normally in compression, while the principal tensile load path is only in the
reactor vessel wall or bottom head, which will be continuously monitored for leaks that would
indicate a crack formation and propagation.

11.10.3.2 Proposed Inspection Methods and Procedures

This section specifies the in-service inspection approaches for the reactor system
components, with emphasis given to nuclear safety grade components of the reactor internals, the
reactor vessel and the reactor closure, which are shown in Figure 11.10-1. The inspection of the
non-nuclear safety grade components of the remaining nuclear steam generation system, such as
intermediate heat transport system and steam generation system, is considered far less difficult,
and is not detailed in this report.
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The inspection methods and procedures are established in accordance with possible failure
modes of associated components. While the ASME Code provides general guidelines, each
individual examination that makes up the inspection has to be established in consideration of its
own unique limitations on access and geometry. Even a single component can fail in various
ways, and each case may require different inspection techniques. These aspects cannot be
generalized, and inspection methods must be considered individually associated with possible
failure modes. Therefore, the failure modes of the reactor components are first postulated, and
subsequently the inspection techniques are established that are capable of detecting the onset of
these failures. Table 11.10-4 presents a list of failure modes and the suggested in-service
inspection approaches for ABR. Both normal examination methods and follow-up examination
methods are presented for each failure mode.

Inspection of Reactor Internals

Normal in-service inspection of reactor internals and internal components require VTM-3
visual inspection. The sodium surface and the in-reactor vessel components above the sodium
level will be examined using a periscope or camera, inserted through the multiple access ports in
the closure head deck. For components below the sodium level, the normal in-service inspection
approach is based on continuous monitoring, dimensional gauging and under-sodium viewing.
Continuous monitoring of sodium levels, outlet temperature of a limited number of core
assemblies, vibration and the pressure in the pump discharge manifold will provide indication of
the integrity of the pressurized components (core barrel, inlet plenum, and primary piping
discharge manifolds) in hard-to-access areas of the reactor pool as will statistical analysis of
primary pump power.

The structural components of the core support and restraints will be inspected with
dimensional gauging. Dimensional gauging will be performed by indexing with the fuel handling
gripper, or other dedicated indexing mechanism, on several specified locations on the top of the
former ring and other structural components in the hot pool. This technique can determine
possible shifts in elevation of components. The verification of the proper location of a
component, such as the top of the core barrel, can also imply a proper location for the core
support structure.
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{a) Reactor Vessel and Deck () Reactor Internal Structures

Figure 11.10-1 Areas Subject to Inspection

An under-sodium viewer can also be used to map the core top, and be used to investigate the
condition of many difficult to reach areas. The under-sodium viewer is inserted through ports in
the rotating plug, and additional access to vessel internals components are provided through ports
in the outer fixed part of the closure head deck. For accurate measurement, gauge blocks and
gauge marks are set at key locations to serve as reference marks for the under-sodium viewer.
The rotating plug can move the fuel-handling gripper and the under-sodium viewer to various
locations inside the reactor vessel.

Large cracks or separation of the reactor vessel liner will be detected by continuous
monitoring of vessel temperatures and pump well level. The inspection will be supplemented
with visual inspections, for which a camera/periscope will be used for above sodium-level
portion, while an under-sodium viewer will be used for below sodium-level portion.

Failures in the redan, such as at various connections, at the intermediate heat exchangers, and
at pump wells, are checked by dimensional gauging. This can be performed with the fuel
handling gripper mechanism or under-sodium viewer, and indexing various wells and
penetrations.

The Upper Internals Structure (UIS) is associated with various failure modes as delineated in
Table 11.10-4. Its structural integrity is checked primarily by continuous monitoring with acoustic
sensors, and use of an under-sodium viewer. Anomalies in the control rod drives can be tested
through periodic test operations and by monitoring the drive motor current. The integrity of the
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instrument drywells will be verified by continuous monitoring for leakage with reactor cover
radiation monitors, and visually inspecting for distortion using periscope/camera. Continuous
monitoring will be the primary source of information on the operation of the primary pumps and
intermediate heat exchanger. For this purpose, cover gas leaks will be monitored with radiation
monitors, and pump oil leakage will also be monitored.

DRACS units may fail by sodium leakage, sodium blockage, and air-side blockage.
Currently, the requirements for its inspection are not explicitly specified in the ASME Code. To
ensure safe and reliable operation, continuous monitoring of the relevant operation parameters is
included in the ABR design. Detailed scope and procedures shall be developed. Problems
observed in the normal in-service inspections will be further investigated by follow-up
examinations. These follow-up examinations may include close-up viewing with optical
instruments and under-sodium viewing of difficult-to-access areas. Such procedures require
more extensive access and may involve removal of components and lowering of sodium levels,
as delineated in Table 11.10-4, supplemental inspection column.

Such extensive procedures may be alleviated if accurate under-sodium imaging technology is
available. However, the current state-of-the-art of the technology does not meet such
expectations. The results of the follow-up examination will be used to verify structural failure
and plan detailed maintenance procedures. Maintenance approaches are identified for most of the
components in the reactor vessel.

Inspection of Reactor Vessel, Guard Vessel, and Deck Structure

Inspection of the reactor vessel will be conducted by visual examination (VTM-2) of all
welds and continuous monitoring of the inert gas in the annular gap between the reactor vessel
and the guard vessel. The reactor vessel will be continuously monitored for sodium and gas
leakage. Sensors and measurement techniques are readily available for this purpose. The visual
inspection is performed using a camera system mounted on a remotely operated robotic vehicle.
This robotic device will be installed in the annulus between the reactor vessel and the guard
vessel, as shown in Figure 11.10-2. Currently, there is no commercially available system for this
purpose.

VTM-3 visual inspection is required for the guard vessel. This is conducted using a TV
camera mounted on the remote operated robotic vehicle. Continuous monitoring of pressure in
the reactor vessel/guard vessel annulus will provide initial detection of leakage from the reactor
vessel. Follow-up examinations will consist of close-up visual examination of the annulus, and
analyzing a gas sample from the annulus. Sodium vapor sensors are adapted to monitor the
annulus region between the reactor vessel and the guard vessel for sodium vapor. Sodium liquid
detectors monitor the presence of liquid sodium in the bottom head of the guard vessel. Gas
pressure gauges are used for leakage tests, during which time the reactor vessel/guard vessel
annulus is pressurized. Radiation sensors monitor the reactor closure for cover-gas leaks. In
addition, various sensors are utilized to monitor the conditions of reactor internals — flow,
pressure, vibration, temperature, coolant level, and pump power.

VTM-3 visual inspection is required for normal inspection of the conical reactor vessel/deck
support skirt in the head access area. For this purpose, the reactor support skirt welds and bolts
will be inspected with remote visual examination using a camera on the remote operated robotic
vehicle. In addition, the design of the conical support skirt provides improved direct access to the
bolting for personal close-up inspections and for any repair or replacement of the bolting.
(Removable shielding blocks are located in this area to allow such close-up inspections.)
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The reactor closure, including the deck and rotatable plug, will be continuously monitored
for leaks, using radiation detectors in the head access area. Analysis of reactor cover gas and the
primary sodium purity will provide follow-up indications. Further inspection will be performed
if abnormal conditions are detected during normal inspection. Such supplemental inspection will
involve broader TV viewing to pinpoint the problem area, and subsequent close-up visual
inspection (VTM-1) and volumetric inspection with electromagnetic acoustic transducer to
characterize the condition of the defects. The shielding in the deck consists of loose steel balls
placed in each of the compartments in the deck. These balls can be removed to allow close-up
inspection of the structural welds.
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Figure 11.10- 2 Reactor Vessel Inspection with ROV
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Table 11.10-4 Postulated Failure Modes and In-Service Inspection Considerations (1/6)

Component/System

Postulated Failure

Normal Inspection (NI)
Method, to detect problem

Code Requirements
(Div.3, Section X1, ASME
B&PV)

Supplemental Inspection
(SI), if a problem is
indicated

1. Reactor Vessel

Weld crack

(below Na level)

Weld crack

(cover-gas region)

Exterior surface deterioration

1.1 CM: Sodium leak,
Radiation, RV/GV annulus
pressure

1.2 Periodic visual inspection
with ROV and camera

VTM-2 inspection on all
welds plus Continuous
monitoring

1.1 Broader TV viewing to
pinpoint the area

1.2 VTM-1 inspection with
zoom lens or fiberscope
1.3 Localized inspection
w/ ultrasonic transducer

2. Guard Vessel

Weld crack
Interior surface deterioration

2.1 CM: Cover gas leak,
Radiation, Pressure
2.2sameas 1.2

VTM-3 inspection for low
alloy steel

2.1 Same as 1.1-1.3
2.2 additional inspection
from the outside

3. RV/GV Support

Crack or distortion

2.1 Cm: Cover gas leak,
Radiation, Pressure
2.2.sameas 1.2

VTM-3 inspection for low
alloy steel

2.1 Same as 1.1-1.3.
2.2 additional inspection
from the outside

4. Reactor Internals
-Core support

Massive weld failure

Support to reactor vessel weld
failure

4.1 Check height of core
barrel with IVHM or USV
4.2 Measure loads to remove
fuel assy.

4/3 Test operation of control
rods

4.4 same as 1.2 4.5 same as
4.1 thru 4.3

VTM-3 inspection

4.1 Access to the bottom
of the reactor vessel, and
use USV in the core
support region if there has
been structural movement.

4.2 Same as 4.1
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Table 11.10-5 Postulated Failure Modes and in-Service Inspection Consideration (2/6)

Component/System

Postulated Failure

Normal Inspection (NI)
Method, to detect problem

Code Requirements
(Div.3, Section X1, ASME

Supplemental Inspection
(SI), if a problem is

B&PV) indicated
-Shield barrel and inlet plenum Massive or barrel-to-plenum 4.6 same as 4.1 thru 4.3 VTm-3 inspection 4.3 Same as 4.1
weld failure
Massive plenum top and 4.7 same as 4.1 thru 4.3 4.4 Same as 4.1

-Core restraints

bottom plate failure

Module sleeve weld failure

Separation of shield barrel
with weld crack

Broken retaining pins

Formal ring breakup

4.8 CM with overcore
thermocouple

4.9 Vibration/Acoustic
Sensors for loose part
4.10 Core outlet temp. for
flow distribution

4.11 Indexing on shield barrel
with IVHM and USV

4.12 Index reference points on
the core restraints with IVIM
4.13 Loose parts monitor

4.14 USV core sweep

4,15 same as 4.12.-4.14

VTM-3 inspection

4.5 Examine plate surface
with USV.

4.6 with remote optical
instruments.

4.7 Same as 4.1
4.8 same as 4.6

4.9 Examine shield barrier
below redan using USV

4.10 Imaging with USV.
Further examination will
require core removal and
partial drain.

4,11 Same as 4.10
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Table 11.10-6 Postulated Failure Modes and In-Service Inspection Considerations (3/6)

Component/System Postulated Failure Normal Inspection (NI) Code Requirements Supplemental Inspection
Method, to detect problem (Div.3, Section XI, ASME | (SI), if a problem is
B&PV) indicated
-Pump well Well weld failure 4.16 examine well position VTM-3 inspection 4.12 Remove pump

-Pump discharge pipes

-Vessel thermal liner

Large Na leak (weld fail at
pump or plenum)

Large liner crack

Spearation of liner from vessel

with Periscope/camera above
the Na level. Use USV to heck
position below Na level.

4.17 Monitor pump well level,
pump speed, pump discharge
flow, core outlet temperature

4.18 Monitor pump well level
and vessel temp.

4;19 Examine above Na level
region with camera/periscope

4.20 same as 4.18

4.21 USV of selected points
on the liner and on top of
horizontal baffle assembly

examine interior of well
with camera/periscope
above Na level, and USV
below Na surface

4.13 Remove pump,
examine pipes from within
using USV.

4.14 If needed, remove
fuel, drain Na, and
examine pipe optically

4.16 Remove core, drain

Na, and examine areas
with periscope

4,16 Same as 4.15

169




Table 11.10-7 Postulated Failure Modes and In-Service Inspection Consideration (4/6)

Component/System Postulated Failure Normal Inspection (NI) Code Requirements Supplemental Inspection
Method, to detect problem (Div.3, Section XI, ASME | (SI), if a problem is
B&PV) indicated
-Redan Fail at rdan connections to 4.21 Dimensiosn gauging with  VTM-3 inspections 4.17 Remove high burnup
fuel storage basket, IHX, and IVHM and USV on the redan assemblies, drain Na to
pump well. and various wells and partially expose the redan,
penerations and examine with optical
4.22 Monitor level in pump devices.
well
Lower baffle support skirt 4.23 same as 4.21 4.18 Same as 4.17

structural failure

-Instrumental drywells Drywells leackage 4.24 CM wish reactor cover 4.19 Pressurize drywell
radiation monitors and check for pressure
decary

4.20 remove probe and
examine for Na leakage

Drywell distortion 4.25 Camera/periscope, USV --

-Inlet modules Module weld failure 4.26 same as 4.1-4.3 4.21 Remove any hot or

Binding on fuel assay

4.27 CM of core outlet
temperature

4.28 same as 4.2

binding fuel assay, and
inspect with USV

4.22 Same as 4.21

170




Table 11.10-8 Postulated Failure Modes and In-Service Inspection Considerations (5/6)

Component/System

Postulated Failure

Normal Inspection (NI)
Method, to detect problem

Code Requirements
(Div.3, Section XI, ASME
B&PV)

Supplemental Inspection
(SI), if a problem is
indicated

-Upper internals Structure (UIS)

UIS support cylinder weld fail
or distortion

4.29 Examine exposed surface
above Na level with
camera/periscope. Check
location and general shape
with USV below Na level

4.23 Remove core, lower
Na level, and inspect
cylinder with remote optics
and periscope.

Distorted control rod drive
(CRD), shroud tubes, weld &
bearing failures

4.30 Periodic testing of CRDs
4.31 Monitor drive motor
current

4.32 Loose part monitor

4.33 USV core sweep

4.24 Remove driveline and
insert fiber-optic device in
opening to examine shroud
tubes.

Failure of spokes or
connection to drywells at
support plates

4.34 same as 4.30-4.33

Erosion of UIS surface

4.35 Loose parts monitor
4.367 analyze particulate from
Na purification sys. for metal
particle

Failure of connection pins,
loose sleeves on instrument
hold-down, loose shock liner
plates

4.37 Loose part monitor
4.38 USV core sweep

4.25 Scan top of core for
loose parts with USV.
4.26 Lower Na level, and
examine underside of
redan with optics
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Table 11.10-9 Postulated Failure Modes and In-Service Inspection Considerations (6/6)

Component/System

Postulated Failure

Normal Inspection (NI)
Method, to detect problem

Code Requirements
(Div.3, Section XI, ASME
B&PV)

Supplemental Inspection
(SI), if a problem is
indicated

5. Reactor Cover (deck and
rotatable plug)

Cover gas seal leakage
Dip seal loss
Inflatable seal failure

4.39 Reactor cover radiation
monitor

Continuous monitoring

4.27 Liquid penetrant
examination of seal and
support flange.

4.28 Periodically examine
and clean seal

6. Primary Pump

Deck seal leak
Pump shaft seal leak
Support flange failure

4.40 Reactor cover radiation
monitor
4.41 Pump oil leakage monitor

Continuous monitoring

4.29 Liquid penetrant
examination of seal and
support flange

7. IHX

Deck seal leak
IHX inlet/outlet leak
IHX to primary Na leak

4.42 Reactor cover radiation
monitor

Continuous monitoring

4,30 Same as 4.28

8. Primary cover gas

Cover gas leak
Gas valve failure

4.43 Reactor cover radiation
monitor

Continuous monitoring

4.31 Pressure test and
visual

9. DRACS

Na leakage Sodium blockage
Air-side blockage

4.44 CM (details to be
developed)

None
(NI exceeds Code
requirements)
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[1.11 Buildings and Structures

Figure 11.11-1 is a pictorial view of the overall site for the ABR1000. The sodium generator
building, shown to the left of the reactor containment building, is located on a common concrete
base mat with the reactor containment building. Natural draft cooling towers are shown as well
as the turbine-generator building, control room building and office and support buildings. Table
11.11-1 lists all the site buildings and provides their overall dimensions and footprint.

Table 11.11-1 Site Buildings with Dimensions

Building Name Footprint (fY) | Length (ft) | Width (ft) | Height (ft)
Security Gate House 900 30 30 16
Control/Personnel Building 12,576 131 96 30
Reactor Building 7,775 100 100 166
Nuclear Island 34,361 209 209

BOP Building 41,860 260 161 49
Emergency Generator Building 3000 100 30 12
Balance of Plant Service Building 9,000 100 90 20
Cooling Towers (each) 19,113 156 60
Radwaste/ Maintenance Facility 24,000 120 200 40/80
Lift Station 1,200 40 30 16
Wastewater Treatment Plant 4,800 80 60 16
Interior Security Perimeter Fence 736,308 1,086 678 -
Exterior Security Perimeter Fence 1,181,700 1,313 900 -

[1.11.1 Reactor Building

The reactor building, as schematically indicated in Figures 11.11-2(a) and 11.11-2(b), encloses
the entire primary reactor system. The entire reactor building is seismically-isolated from
earthquake events using seismic isolators located between the base slab of the building and a
separate, independent reinforced concrete slab structure. The reactor building is a conventional,
steel-lined, reinforced concrete containment structure. It is designed to accommodate the
pressures and temperatures due to a large sodium fire caused by the unlikely event of a
significant sodium leak within the containment. The containment is designed to have a
maximum leak rate of 0.1 %/day of building volume at an internal pressure of 10 psig (0.069
MPa). The top of the reactor vessel assembly is located at approximately grade level. All of the
primary radioactive systems are located at or below grade within the reactor building.

The major functions of the reactor building are as follows:

o Contain radioactive material following the unlikely event of an accidental
radioactivity release from the primary reactor system.

o House and structurally support the reactor vessel, guard vessel, the shield/air baffle
cooling system, support structure of the primary system and temporary fuel handling
equipment, biological shielding, and associated equipment and structures.

« Provide adequate space for the operation, maintenance, and removal of equipment
housed within the containment structure during periodic maintenance.

173



o Facilitate sodium and non-sodium fire protection for all safety equipment; this
includes separation of redundant systems required for safe shutdown and for
maintaining the reactor in safe shutdown condition.

e Provide protection for all safety equipment from the environment and natural
phenomena such as floods, winds, tornadoes, and earthquakes, as well as loads from
man-made hazards, including an aircraft crash.

e Maintain pressure within the containment boundary at less than 0.5 psig (0.0034
MPa) negative with respect to the exterior, except during pressurization accidents.

o Limit leakage from the containment boundary to no more than 0.1% of its contained
volume per day at an internal pressure of 10 psig (0.069 MPa).

e Maintain the integrity of the containment boundary during all design loadings,
including a maximum long term containment atmosphere temperature of 122° F (50°
C) under normal operating and design basis accident containment atmosphere
conditions.

11.11.1.1 Containment Design Requirements

The reactor building will be designed to the rules of the current ASME Boiler and Pressure
Vessel Code, Section Ill, Division 2, “Code for Concrete Reactor Vessels and Containments,”
Subsection CC for concrete containment. These rules provide for: material, design, fabrication,
construction, examination, testing, marking, stamping, and preparation of reports for prestressed
and reinforced concrete containment. The containment components covered by the ASME
B&PV Code include: (1) structural concrete pressure resisting shells and shell components; (2)
shell metallic liners; (3) and penetration liners extending the containment liner through the
surrounding shell concrete.

Additionally, the reactor building must be designed for natural phenomena hazards, such as
an earthquake, wind, snow loading, and flood, etc. The building is also designed for the loads
and fires from an aircraft crash. The design will conform to NRC regulations (Federal
Regulations 10 CFR 50 and 10 CFR 100) and applicable NRC Regulatory Guides, for seismic
and other natural phenomena and man-made hazards.

11.11.1.2 Penetrations and Transfer Openings

A large number of penetrations through the reactor building shell are required for access of
personnel, equipment, freight, electrical conductors, and service fluids. These penetrations are
grouped into three broad classifications: large mechanical penetrations, small mechanical
penetrations, and electrical penetrations. These penetrations use pressure-tight seals consisting of
appropriate materials. These seals are protected from the building atmosphere since this
atmosphere could become hot enough to destroy the seals should a major sodium/air reaction
occur. All seals are designed to withstand the same maximum pressure of 10 psig as for the
building. To provide adequate assurance that the total leak rate of the reactor containment
boundary remains less than the design value of 0.1% of the free volume per day, selected
penetrations are leak tested annually.
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Figure 11.11-1 Site Pictorial
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Figure 11.11-2(a) Plan View of the Reactor Building
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Figure 11.11-2(b) Cross Section of the Reactor Building
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The large penetrations are comprised of three airlocks (personnel, emergency personnel, and
equipment airlocks). The airlocks allow equipment and personnel access to the reactor plant
while maintaining building containment integrity at all times. All airlocks are cylindrical steel-
welded shells that have a sealed door at each end. The doors are electrically or mechanically

interlocked to allow only one door at a time to be opened.

The equipment airlock is the largest of the three; it connects the reactor building to an
equipment transfer location outside the facility. The personnel airlock is smaller than the
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equipment airlock; it connects the operating floor area of the reactor plant to the
control/personnel service building and serves as the normal personnel entrance and exit.

The emergency airlock is the smallest of the three. It provides an emergency exit from the
reactor building should the personnel airlock become blocked. All airlock doors are periodically
pressure tested.

11.11.1.3 Cooling Requirements

The shutdown heat removal system transfers the decay heat from the bulk primary sodium in
the reactor vessel directly to the atmosphere through heat exchangers located on the outside of
the reactor building. Therefore, there are no unusual cooling requirements for the reactor
building internal atmosphere. A standard heating, ventilation and air conditioning (HVAC)
system maintains the internal atmosphere around 72° F (22° C) at all times.

[1.11.2 Balance of Plant Building System

The Balance of Plant building is multi-story building that consists of an upper and lower
level. The upper level is fabricated on a slab or grate with sheet metal over frame construction
and no windows. The building’s heating and air conditioning system maintains an ambient
temperature for the enclosed equipment and maintains a slightly negative atmosphere pressure
relative to outside. This negative pressure ensures that minor steam leaks are contained within
the structure. The building also includes an overhead bridge crane with a capacity sufficient to
provide maintenance or removal of equipment. The BOP building contains all the plant steam
cycle equipment except for the steam generator and the cooling tower equipment.

All ventilation equipment is located adjacent to the building to deliver air for cooling of the
generator and ambient temperature control for the building.

The lower level is located below grade. It is sized to contain the main condenser and other
auxiliary equipment.

[1.11.3 Control Room and Personnel Building

The reactor control building is a multi-story building adjoining the reactor building. This
concrete and steel tornado-hardened, Seismic Category 1 structure, houses the control room,
technical support center, and the central computer for the overall plant. It also includes space for
switchgears, cable routing rooms, motor-generator sets, heating, ventilating and air conditioning
equipment, compressed air and other auxiliary systems. Fire protection/suppression systems are
also provided.

[1.L11.4 Radwaste/Maintenance Building

The radwaste/maintenance building is a slab-on-grade sheet metal high bay structure that
provides two areas, a waste management area and a maintenance area. The waste management
area is sized and designed to handle the collection, treatment, staging and shipment for disposal
of all regulated wastes generated at the site. Waste will be generated from on-going and periodic
maintenance work during the life of the plant. Equipment will exist in this building to condition
the waste streams that are expected to be generated from this plant.

The maintenance side of the building provides space and equipment for the routine and
planned maintenance of the facility and equipment. The maintenance building also has a location
in the structure where large components will be assembled prior to installation in the reactor
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building. A rail spur provides easy access and delivery of components such as the reactor vessel
module, primary pumps, intermediate heat exchangers, and steam cycle equipment to the
maintenance area during installation and checkout of the primary and secondary systems. After
the facility has been constructed, then the maintenance building has space and equipment for
performing routine and non-routine maintenance of the reactor primary and secondary systems.

[1.11.5 Security Building

The security building is a single- story reinforced concrete non-seismic category structure
located outside of the administration and service building with a reinforced concrete slab located
at grade. The windows are made from bullet-proof glass.

The security building provides a controlled means of access to the plant site to prevent
inadvertent access, industrial sabotage or the theft of nuclear materials. This facility will be in a
remote area with minimal staff so it is essential that there be adequate site security and only one
normal site entrance. All personnel must pass through this building and be checked by the
associated security systems for ingress and egress to sensitive plant structures/areas or areas
where radioactive materials are stored. The plant security system is monitored and operated from
this building. A truck trap is located adjacent to this building that allows for security force
control and containment of trucks requiring access to the site for deliveries or pickups.

[1.11.6 Emergency Generator Building

A gas or diesel generator building is located adjacent to the reactor control building. It houses
a modular 1IMWe generator that provides emergency power to the primary and secondary
systems upon demand. The emergency generator building is shipped as a single integrated unit
that can be quickly installed at that site and made operable to support the construction activities
during the facility construction, emergency power during reactor operations, and as an alternative
source of power during reactor decommissioning.

[1.11.7 Balance of Plant Services Building System

The balance of plant service building provides space for equipment that supports the Brayton
cycle building, cooling towers, and other services. This includes recirculation pumps, water
conditioning equipment, air compressors, electrical switchgears, motor control centers, plant
heating systems, and other support equipment.

[1.11.8 Lift Station and Waste Treatment Plant Building

The lift station building provides pumps and filtration system to pump water from the river to
the plant for use in cooling and domestic water services. All wastewaters go through the
wastewater treatment plant where the water is conditioned prior to being discharged into the
river.

[1.L11.9 Seismic Isolation System
The seismic isolation system is discussed in Section I11.1.
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[1.12 Balance of Plant Systems

In general, most of the effort for this report was focused on sizing the nuclear steam supply
system components from the reactor core to the steam generator. The balance of plant systems
were not size for this reference ABR plant concept. A general discussion follows of the various
balance of plant systems that should be located on the reference ABR site.”

[1.L12.1 Compressed Gas System

The compressed gas system distributes compressed gases throughout the reactor plant from
the point of storage or compression to the point of use. Four subsystems comprise this compress
gas system. They are 1) Service Air System, 2) Instrument Air System, 3) Hydrogen System, and
4) Carbon Dioxide System.

System Requirements
The service air system shall provide the following:
e Air for various plant fuel handling systems.

« Air for maintenance systems, unloading devices, tools, miscellaneous cleaning, and
inspection services.

« Breathable air for required stations.
The instrument air system shall supply the following:

e Clean dry air to instrumentation, controls, pneumatic piston and diaphragm valve
operators, and air locks located in all areas of the plant.

e The service air system.

The hydrogen system shall provide hydrogen gas to the main generator for cooling the stator
core and rotating field. The carbon dioxide system shall provide carbon dioxide gas for generator
purging.

System Description

The service air system provides compressed air for use by various plant systems such as the fuel
handling system, maintenance systems, unloading devices, tools, miscellaneous cleaning, and
inspection services. The system also delivers breathable air to required stations. The service air
system receives compressed air from the instrument air system. The service air system is a
distribution system of piping and valves that takes compressed air from the instrument air header
and distributes it to the users.

The service air system operates at all times providing compressed air during normal plant
operation or when the plant is shut down. The service air system is not safety related.

The instrument air system provides clean, oil-free dry air for operation of instruments and
controls, pneumatic piston and diaphragm valve operators and air locks in all areas of the plant.
The instrument air system operates at all times to provide compressed air during normal plant
operation or when the plant is shutdown, since compressed air is required during plant shutdown
as well as during normal plant operation.

® A major portion of the description of the balance of plant systems were taken from a previous
1000MWe design study prepared at Argonne National Laboratory.
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The instrument air system also supplies the service air system. The instrument air system is not
safety related. Safety-related items requiring instrument air are supplied from local safety-class
accumulators. The hydrogen system stores and supplies hydrogen gas to the main generator for
cooling of the generator stator core and rotor during operation. The hydrogen system is not safety
related.

The carbon dioxide system stores carbon dioxide in liquid form, processes the carbon dioxide
liquid to carbon dioxide gas, and supplies the gas to the main generator for purging.

The carbon dioxide system is not safety related.

[1.12.2 Chilled Water System

The chilled water system provides chilled water during normal plant operation for air
conditioning and removal of heat from the following areas or systems:

e Nuclear island (NI) HVAC and balance of plant (BOP) HVAC system.
e Process cooling in the NI maintenance building.
e Recirculating gas system.

The system includes chillers, pumps, expansion tanks, piping, valves, and related
components. A refrigerant pumpout and storage system is also provided for maintenance. The
system does not include air cooling coils in air conditioning units or heat transfer equipment in
process cooling systems. Cooling water for the chiller condensers is provided by the plant
service water system.

System Requirements

The chilled water system is not safety grade and is only needed for routine plant operation. The
total loads have not been evaluated in detail, but based on previous LMFBR designs it is
estimated that the total cooling load will be ~4000 tons of refrigeration. The system will consist
of three 2000 ton cross-connected chiller systems. Two of the systems will normally be in
operation with one system on standby.

System Description

The chilled water system consists of a single large central system to serve buildings with both
constant and seasonal cooling loads. The system has three centrifugal chillers each of
approximately 50 percent total system capacity and connected in parallel so that one chiller is
available as a standby. Each chiller has a circulating pump, piping, valves and controls. The
normal chilled water system has a single loop with branches to several buildings. The chillers
and their accessory equipment are located in the turbine building auxiliary bay. The piping
supply loop runs from the turbine building through the control building around the reactor
containment building with branches to the buildings served by the system. Branch piping within
the buildings is direct return except where long runs would make balancing difficult.

The type of system selected is consistent with large industrial type systems that are commercially
available today. Because the reference ABR concept here is a pool type design, the chilled water
system size has been greatly reduced compared with a loop plant. The reduced system size
results from elimination of the primary heat transport system cell cooling load.
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11.12.3 Essential Chilled Water System

The essential chilled water system provides chilled water for removal of heat during plant
normal and off-normal operation from the following systems:

« Portions of the nuclear island (NI) HVAC system.
« Portions of the reactor service building heat removal system.
System Requirements

The essential chilled water system shall be designed as two independent closed chilled water
loops each with a 100 percent capacity water chiller, heat exchangers, recirculating pump,
expansion tank, piping, valves, instrumentation, and controls. The components of one loop shall
be separated from the components of the other loop, in accordance with single failure criteria.
The essential chilled water chillers shall be designed with a minimum of 25 percent refrigeration
margin. The essential chilled water system shall be available during or following all normal,
upset, emergency, and faulted events of plant operation.

System Description

The essential chilled water system supplies and distributes chilled water (-42°F) to the various
components that are required for maintenance of the safe shutdown condition. This system
operates during normal and emergency plant operation.

The essential chilled water system has two 100 percent capacity redundant closed loops, each
with one mechanical refrigeration centrifugal water chiller, one circulating pump, one expansion
tank, and one air separator, complete with interconnecting piping, valves, instrumentation, and
controls. Chillers and pumps are located in the auxiliary building east for one system and the
auxiliary building west for the redundant system. Piping loops with separation as required are
run with branches to the various buildings served. All returns are direct. Temperature control
valves are located near each piece of equipment served.

[1.12.4 Radioactive Waste System

The radioactive waste system (RWS) provides the equipment and facilities for collecting,
processing, monitoring, storing, and disposing of liquid and solid radioactive wastes. The RWS
processes both liquid radioactive wastes and solid radioactive wastes.

System Requirements
The following functions shall be provided by the RWS.
1. Liquid Radioactive Waste Subsystem (LRWS)
a. Collect radioactive liquid waste for processing, recycle or disposal.

b. Provide sample points and equipment to monitor the chemical and radioactive
content of liquid wastes.

c. Process and concentrate radioactive liquid waste.
d. Store processed or reclaimed liquid for reuse or disposal.
e. Control discharges to assure compliance with applicable regulatory standards.
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2. Solid Radioactive Waste Subsystem (SRWS)

Radwaste Solidification System — 1) Receive and measure the radiation levels of
small low activity level components from other systems and determine temporary
storage, processing or disposal requirements. 2) Compact, package, and prepare
compactible radioactive solid wastes for disposal.

Radwaste Disposal Management System — 1) Establish the necessary interfaces with
other systems for packaging and disposal of large non-compactible radioactive solids.
2) Develop an inventory control system that provides for accountability of radioactive
materials.

The following general design requirements shall apply:

o The general system design shall provide as-low-as-reasonably achievable (ALARA)
radiation protection for maintenance and plant operating personnel.

o The system shall have the capability to monitor and record discharges to the
environment.

e The equipment and its associated supports are to be classified as nonseismic.

e The quality of the discharged water shall comply with the governing water quality
standards.

Prior to discharge to the environment, a laboratory analysis of all liquids to be discharged to the
environs shall be performed to assure that the activity requirements for such discharges are met.
An acid and caustic solution supply, neutralization and pH control system shall be provided, with
the capability to adjust the pH of all liquid wastes which are collected, prior to further
processing.

Receive radioactive sodium generated by the fuel handling and fuel receiving, storage and
shipping systems.

Provide control functions for the LRWS and SRWS to maintain the design, operating and
performance parameters during all operating modes.

System Description

The RWS provides the equipment and facilities for collecting, processing, monitoring, storing
and disposing of liquid and solid radioactive waste. The RWS consists of two subsystems: (1) the
LRWS and (2) the SRWS. The LRWS collects and processes radioactive liquid wastes in order
to reduce the volume of radioactive wastes which must ultimately be disposed of. This volume
reduction is performed by extracting the solid contaminants from the collected liquids and then
concentrating the extracted contaminants. The liquids, less solid content, are processed to
produce a purified, decontaminated effluent in accordance with the regulatory requirements for
discharge off-site. The SRWS collects and processes both concentrated liquid and solid wastes
which are radioactive and prepares these waste substances for storage and disposal.

The RWS facilities are located adjacent within the radwaste/maintenance building. Equipment
within the buildings has been located and arranged in a manner which isolates the operating and
maintenance galleries from the equipment to achieve as low a level of personnel radiation
exposure as is reasonably achievable.
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[1.12.5 Nuclear Island Heating, Ventilating, and Air Conditioning System

The nuclear island (NI) heating, ventilating, and air conditioning (HVAC) system maintains
environmental conditions within design limits throughout the noninert areas of the NI buildings,
and in conjunction with the radiation monitoring system and plant protection system (PPS) limits
the release of radioactive materials from the NI buildings.

System Requirements

The NI HVAC system shall serve the following buildings:
e Reactor Building
« Control Building (CB)
o Steam Generator Building

and shall perform the following functions:

« Maintain the temperature, humidity, pressure, and cleanliness of the air atmospheres
in the various building spaces during normal plant operation.

o Maintain, as necessary, the temperature, humidity, pressure, and cleanliness of the air
atmospheres in the areas containing safety-related equipment during normal plant
operation and during off-normal conditions.

« In conjunction with the radiation monitoring system and PPS, maintain the release of
airborne radioactive materials to the outside environment below the acceptable limits
during normal operation and off-normal conditions.

o Limit the intake of hazardous airborne materials into certain safety-related and
occupied areas, such as the control room.

All safety-related ventilation trains shall consist of two redundant 100% capacity equipment
trains, and designed to Seismic Category | requirements. No single failure of any active
component of the safety-related subsystems will result in loss of that subsystem's safety-related
functions.

System Description

The nuclear island HVAC system serves the Reactor Building, Control Building, and Steam
Generator Building. The NI HVAC system provides heating, ventilating, and air conditioning for
the various non-inerted atmospheric areas of the Nuclear Island buildings during normal and
abnormal conditions. The system maintains the temperature, humidity, pressure, and air
cleanliness as required. The NI HVAC system, in conjunction with the radiation monitoring
system and PPS, limits the release of radioactive materials from the buildings by filtration of
exhausted air and/or by isolation of the buildings.
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[1.12.6 Balance of Plant (BOP) Heating, Ventilating, and Air Conditioning
System

The BOP HVAC systems provide heat, ventilation, cooling, humidity control, and control of
airborne contamination as required for the equipment and activities in the BOP buildings.

System Requirements

The BOP HVAC systems shall provide heat, ventilation, cooling, humidity control, pressure, and
control of airborne contamination or any combination of these functions to the BOP buildings or
portions of buildings as required for proper operation of equipment and for personnel comfort.

System Description

The BOP HVAC system consists of several subsystems serving various areas of the BOP
buildings, each performing specialized functions as required for the area served. Each subsystem
consists of combinations of various basic components as required to satisfy the performance
requirements for that sub-system. These basic components include air handling units, fans or
blowers, cooling and heating coils, filters of various efficiencies, duct work, dampers, isolation
valves, carbon absorbers, instrumentation and controls, and other accessories as required.

Facilities served by the BOP HVAC System include:
e Turbine Generator Building
« Balance of Plant Services Building
« Radwaste/Maintenance Building
e Cooling Tower Pumphouse
o Fire Protection Pumphouse
« Switchyard Relay House
« Circulating Water Pumphouse
o Gate House
o Emergency Generator Buildings
o Auxiliary Boiler House
o Water Treatment Plant
e Sewage Treatment Plant
o Well Water Pumphouse

[1.12.7 Fire Protection System

The FPS provides the means to detect, and in some cases, anticipate, fires throughout the
reactor plant, and to minimize the fire hazard to personnel and equipment.

System Requirements

The FPS shall provide the means to prevent, control, and mitigate the consequences of plant fires
through the following general functions:
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o Detect fires, or incipient fires, activate alarms, suppress fires, extinguish fires, isolate
and confine fires, protect personnel from smoke and heat and protect safety-related
systems and components to assure continued readiness and operation.

The FPS shall be comprised of two subsystems: the sodium fire protection system (SFPS), which
addresses sodium or sodium-potassium fires; and the non-sodium fire protection system
(NSFPS), which addresses fires of non-alkali metal origin or involvement.

System Description

The SFPS provides the means for detecting, locating, confining, suppressing, and extinguishing
sodium and NaK fires. Special requirements imposed by the presence of sodium and NaK in the
plant result in employing special fire protection methods in the SFPS. These methods include
passive catch pans and fire-suppression decks, and manually operated, portable fire
extinguishers.

Fire detectors and associated instrumentation are used to inform the plant operator of the
existence and location of a fire. The effectiveness of these fire protection methods for limiting
fire losses and the spread of airborne contaminants is augmented by fire barriers, fire doors, fire
dampers, low-leakage penetrations, and similar isolation devices provided by the building
design, and by the heating and ventilation system.

The fire protection water supply system provides water at the design pressure and quantity to the
sprinkler, deluge, and water spray systems, and the yard hydrants. The water storage tanks, fire
pumps, and hydrants are all nonseismic Category I components. One (1) seismically qualified
(Seismic Category 1) pump, taking its suction from two (2) seismically qualified (Seismic
Category 1) storage tanks, provides water at the design pressure and quantity to special service
wet standpipes located in buildings and areas of the plant containing systems, equipment and
components essential for reactor safe shutdown.

11.12.8 Recirculating Gas Cooling System

The recirculating gas cooling system (RGCS) provides gas cooling capability to the inerted
fuel handling machine - fuel transfer tubes system in the reactor building and to the fuel handling
cell in the fuel handling facility. The RGCS provides heat removal from cell and equipment by
forced circulation in closed loops.

System Requirements
The RGCS shall provide the following function and requirements:

e Recirculate inert atmospheres through cooling units to remove heat and maintain the
required atmospheric temperature.

« Limit potential release of radioactive materials to the environment.
e Provide a means to inert and deinert.

« Condition recirculated air to maintain the required atmospheric air temperature during
inspection and maintenance operations.

« Monitor the performance of each subsystem in maintaining the design operating
conditions.

e Inthe event of a sodium or NaK spill or leak, means shall be provided to isolate the
affected portion of the system.
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e Those safety-related cooling circuits shall consist of two-100 percent capacity
equipment trains that are redundant, separated from each other, and are designed to
Seismic Category | requirements. No single failure of any active component of a
safety-related cooling circuit shall result in loss of the cooling.

System Description

The RGCS provides heat removal from the inert gas atmospheres of the following cells and
equipment.

o Fuel handling and storage cells in the Fuel Handling Facility.

o Fuel handling machine in the Reactor Building and fuel handling tubes in the Reactor
Building and Fuel Handling Facility.

Each RGCS subsystem acts as an extension of the cell pressure and leakage boundary and
thereby limits potential release of radioactive materials to the environment. Connections are
provided to the Inert Gas System for pressure control and gas sampling and to the nuclear island
heating, ventilating and air conditioning system for de-inerting air supply and exhaust. The
RGCS is capable of recirculating and cooling cell atmosphere air during periods when the cells
are de-inerted and occupied.

The fuel handling and storage cells subsystem operates to maintain temperatures within the cell.
Heat loads include decay heat from fuel assemblies and lighting loads. Cell temperatures are also
maintained within design limits in the event of a design basis fuel handling accident. This
subsystem together with the cell liner and penetrations seals, maintains a very low leakage
barrier to contain the products of a design basis accidental release of radioactive materials.

The RGCS System for this pool plant will be smaller in size than for a loop plant. The principal
reason for this reduction in size is the elimination of the primary heat transport system cells and
the use of an air atmosphere in the reactor vessel cavities and in some other cells.

11.12.9 Fuel Receiving, Storage, and Shipping System

The fuel receiving, storage, and shipping system (FRSSS) provides for the receiving and
unloading of new core assemblies, inspection, temporary storage, provision for inventory control
of all core assemblies, examination of irradiated core assemblies, and preparation and loading of
irradiated core assemblies for shipment off-site. Also provided is the instrumentation and control
system that is used to operate the FRSSS and the fuel handling system. This system interfaces
closely with the fuel handling system, the fuel handling facility, and the liquid metal auxiliary
system.

System Requirements

The primary requirements of the fuel receiving, storage, and shipping system (FRSSS) are as
follows:

o Receive, inspect, store, and prepare new core assemblies for insertion into the reactor.
Core assemblies are defined as fuel blanket, control, and radial shield assemblies.

o Make selected measurements on irradiated core assemblies and prepare irradiated
core assemblies for shipment to an off-site location.

« Provide inventory control for all core assemblies at all times within the plant.

« During transfer operations, the FRSSS shall be capable of cooling fuel assemblies for
an indefinite period.
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« Total storage capacity in air cell shall be about ~1200 positions.

e A fuel handling cell (FHC) shall provide for preparation of irradiated core assemblies
for shipment.

System Description

The fuel receiving, storage, and shipping system (FRSSS) provides the means of receiving,
storing, inspecting, and shipping reactor core assemblies, including fuel, blanket, control, and
radial shield assemblies, within the reactor facility. The FRSSS also assists in the refueling of the
reactor. The FRSSS is located in the Fuel Handling Facility. New core assemblies enter the fuel
handling facility, are unloaded from their shipping containers and inspected, and are temporarily
stored in the FHC. See fuel handing section for more details on refueling operations.

[1.L12.10 Feedwater and Condensate System

The feedwater and condensate system collects water from the main turbine and auxiliaries,
where its available thermal energy has been extracted, conditions it, and returns. it to the steam
generator at design temperature and pressure. The feedwater and condensate system is not safety
grade.

System Requirements
e The feedwater and condensate system shall perform the following major functions:

o Provide conditioned feedwater at design temperature, pressure, and flow rate to steam
generators for startup.

o Provide preheated, deaerated, demineralized, and pressurized feedwater at the
required flow rate for partial- and full-power operation.

« Store varying quantities of condensate to provide operating flexibility.
« Provide redundancy as required to achieve an acceptable level of plant reliability.

Description

The feedwater and condensate system provides high purity feedwater to the steam generators.
Condensate from the hotwell is delivered via the condensate pumps to the deaerating heater after
being processed by the condensate polishing subsystem and the low-pressure heaters. The
deaerating heater storage tanks provide the source of feedwater for the main feedwater pumps.
The main feed pumps take the fluid, increase the pressure, pump it through the high-pressure
heater shells to increase the temperature to the specified level, and deliver it to the steam
generator system where it is converted to superheated steam. Some steam is returned to the
feedwater heaters via the extraction steam subsystem, for heating condensate and feedwater, and
to the main feedwater pump turbine drives. The exhaust from these turbines, along with the
cascaded drains from the feedwater low- and high-pressure heaters, is returned to the main
condenser. All heater drains are cascaded to the condenser to ensure that feedwater chemistry
specifications are met.

Because the steam generators are not required for shutdown heat removal, emergency feedwater
pumps, protected condensate storage, and attendant safety-grade components, structures, and
buildings are not required.
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[1.L12.11 Main and Auxiliary Steam System

The main and auxiliary steam system transports the steam produced by the steam generators
to its point of use and extracts its available thermal energy, primarily in the main turbine, but
also in auxiliary equipment. Included within this system are those systems that are needed to
support the operation of the main turbine generator.

System Requirements

The main and auxiliary steam system, which is not safety grade, shall perform the following
functions:

e Transport the steam from the steam generators to its point of use.
« Convert thermal energy to electrical energy in a turbine generator.
e Provide turbine generator auxiliary systems including:

lube oil system

hydrogen seal oil system

gland steam system

stator winding cooling water system

electrohydraulic control system

high pressure hydraulic system

o Provide steam to steam-operated auxiliaries such as pumps, feedwater heaters, air
ejectors, etc.

e Provide steam for plant requirements such as space and process heating.
e Provide capability to dump steam directly to the main condenser.
System Description

The main steam system takes live steam from the steam generator system and transports it to the
high pressure turbine of the turbine generator. The system includes provisions for steam dump to
the condenser following a turbine generator load rejection or turbine trip to prevent a reactor trip.
The steam dump also provides a flow path for main steam during plant startup until the steam
reaches conditions or quality required for other uses. The steam dump portion of this system
takes steam from the manifold, bypasses the turbine, and dumps the steam into the condenser.
The steam dump arrangement is a part of the turbine bypass system. The steam dump system
includes desuperheaters and steam dump control valves to desuperheat the steam and control the
flow of steam into the condenser in accordance with the control of the reactor.

The extraction steam system conducts steam from the high pressure, the intermediate pressure,
and the low pressure turbines to the reheat tube bundles in the moisture separator/reheaters and
the feedwater heaters. The extraction steam system also supplies steam to the auxiliary steam
system. The extraction steam is required for feedwater heating to increase cycle efficiency.

The system also removes moisture from the turbine to provide water erosion protection for the
low pressure turbine blades.

The turbine-generator converts the thermal energy generated in the reactor to electrical energy.
The turbine is provided with two moisture separator/reheaters with two stages of reheat in each
moisture separator/ reheater unit. The generator is a liquid-cooled stator type with a capability of

0O O O O o o
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400 MWe gross at rated turbine conditions of inlet steam at ~2,200 psig and 850°F exhausting at
1.6 in. of mercury absolute mean effective exhaust pressure with zero makeup and five stages of
extraction.

The turbine generator auxiliary systems provide supportive services to the turbine-generator to
provide needed cooling, sealing, lubricating, and control functions to sustain the operation and
assure the maximum efficiency of the turbine generator.

The auxiliary steam system provides steam for various process uses and heating throughout the
plant during plant startup, normal plant operation, and plant shutdown. The auxiliary steam
system receives its steam from one of three sources. During normal operation, the steam is
supplied from the extraction steam system through a pressure reducing valve. When the
extraction steam pressure is too low, auxiliary steam is supplied from the main steam system
through a pressure reducing valve. If neither extraction steam nor main steam is available,
auxiliary steam is supplied by the auxiliary boiler.

[1.12.12 Circulating Water System

The circulating water system provides cooling water flow to the main condenser and the
turbine plant component cooling water heat exchangers to remove waste heat rejected by the
turbine-generator cycle. The circulating water rejects this waste heat to the atmosphere by means
of mechanical draft cooling towers.

System Requirements

o The circulating water system shall be capable of removing the design heat load placed
on the turbine condenser. The system shall also remove the heat load rejected through
the turbine plant component cooling water heat exchangers.

e The circulating water system shall be capable of removing the heat load from a 50
percent steam dump occurring at summer design condition.

The safety classification of the circulating water system piping, equipment, and components shall
be nonsafety. Provisions shall be made to isolate portions of the system for major maintenance
without removing the generating unit from operation.

System Design

The circulating water system provides cooling water for the main con-denser and the turbine
plant component cooling water heat exchangers. Circulating water pumps in separate bays in a
pump house take suction from a flume connecting the cold water basins of the mechanical draft
cooling towers. Cooled water is pumped through a pipeline to the main condenser and back to
the cooling towers. Turbine plant component cooling water pumps, in a separate bay, pump
water through a pipeline to the turbine plant heat exchangers and discharge into the circulating
water pipe downstream of the main condenser.

[1.12.13 Service Water System

The service water system consists of three subsystems, namely: the turbine plant water, the
nuclear island service water, and the turbine plant component cooling water. All three of these
subsystems are closed loop cooling systems and in total their function is to provide cooling for
all plant systems and components except the main turbine condenser. With the exception of the
nuclear island service water subsystem, the heat load is rejected to the recirculating water
system. The nuclear island service water subsystem rejects heat to two separate cooling towers.
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System Requirements

e The turbine plant water and turbine plant component cooling water subsystems are
nonsafety grade.

e The NI service water subsystem is safety grade.

o It shall be possible to isolate portions of the system for major maintenance without
removing the generating unit from operation.

e The NI service water subsystem shall be designed to meet the single failure criteria.
System Design

It is expected, based upon prior concepts, that the service water flowrate of approximately 5,000
gpm will suffice for a 1000MWth pool-concept plant. A loop concept would require a high
flowrate to accommodate primary heat transport system cell cooling.

[1.12.14 Treated Water System

The treated water system receives raw water from the well water system and supplies various
levels of treated water for the entire plant needs. The principle plant water needs are: (1) makeup
water for the main cooling towers, (2) demineralized water, and (3) potable water.

System Requirements

To provide water at the appropriate specifications to the following systems and components:
1. Potable water

Fire Protection Water Demineralized Water Condensate

Makeup

Close Cooling Systems Makeup

Auxiliary Boiler Makeup

Turbine Component Cooling Makeup
7. Sodium Cleanup System Decontamination Facility

The treated water system is not safety grade.

System Design

This system consists of piping, tanks, valves, instrumentation, and controls necessary to supply
the quantity and quality of water to operate, maintain, and protect the plant.

o gk~ w

[1.12.15 Industrial Waste Water Treatment System

The waste water treatment system collects, treats, and disposes of all nonradioactive liquid
plant wastes originating from the plant floor drain system, lube oil storage area drains, auxiliary
boiler, chemical storage area drains, the makeup water treatment system, the condensate
polishing system, and sanitary waste system.

System Requirements
e This system is not safety grade.
o The system shall receive, handle, and treat the following liquid wastes:
o0 All demineralizer regeneration waste water
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M/U gravity mixed media filter backwash
M/U activated carbon filter backwash

All plant floor drains

Cooling coil drainage

M/U clarifier blowdown

0O O 0O O O o

Auxiliary boiler blowdown
o0 All plant sewage during plant construction and operating lifetime.

System Design
The system consists of a system of piping, valves, storage tanks, polishers, and component for
treating the industrial wastewater generated on the ABR site

[1.12.16 Liquid Metal Auxiliaries System
The liquid metal auxiliaries system (LMAS) consists of the following:

1.

Sodium and NaK Receiving System — Provides for receipt, transfer to storage, and
unloading of plant liquid metals.

Primary Auxiliary Liquid Metal System — Provides reactor sodium purification and
facilities for EVST sodium storage and draining.

EVST Auxiliary Liquid Metal System — Provides EVST sodium purification and
cooling for fuel stored in the EVST.

Intermediate Auxiliary Liquid Metal System — Provides purification of intermediate
sodium.

System Requirements

The liquid metal auxiliaries system shall be designed to meet the following general requirements:

Receives, melts, and transfers to storage all sodium delivered to the site.
Receives, stores, purifies, and distributes all NaK.

Provides the pumps and piping to transfer sodium and NaK.

Provides the pumps and piping to fill and drain all sodium and NaK systems.

Separate, independent, purification capability shall be provided, as necessary, for the
primary sodium and for the sodium in each of the four intermediate heat transport
system loops. There shall be no permanent connection between primary sodium
components and intermediate sodium components.

System Description

The various subsystems of the liquid metal auxiliaries system are described in the following

sections:

Sodium and NaK Receiving System —The sodium and NaK receiving system receives
all sodium and NaK needed by the plant. The sodium receiving system provides the
capability to melt the contents of a sodium tank car, or sodium drum, and transfer it to
the system to be filled. The capability to transfer NaK from drums to storage vessels
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and to circulate and purify NaK during system loading and cleanup is also provided
by the system.

Primary Auxiliary Liquid Metal System — The primary auxiliary liquid metal system
provides purification (cold trapping) for sodium used in the reactor vessel and the
primary sodium plugging temperature indicator (PTI) system and primary sodium
sampling system. Two NaK-cooled, primary sodium cold traps are located in the
reactor building below grade hot cell. An EM pump is located between the shield
plug and the cold trap in each unit. During normal plant operation, one trap is in use
and the second is on standby.

Intermediate Auxiliary Liquid Metal System — The intermediate auxiliary liquid metal
system provides for purification of the intermediate sodium in each of the
intermediate loops. Capabilities exist to check for impurities in the intermediate
sodium. Two NaK-cooled, sodium cold traps are located in the steam generator
building below grade. An EM pump is used for circulating sodium in the sodium
purification system. During normal plant operation, one trap is in use and the second
is on standby.

[1.12.17 Inert Gas Receiving and Processing System

The inert gas receiving and processing system (IGRPS) provides inert gases and vacuum, as
required by other systems of the Reference ABR, including: (1) cover gas, (2) cell-inerting
atmospheres, (3) valve actuation gas in inerted cells, (4) cooling gas, (5) gas for certain seals, for
component cleaning, and other services, and (6) vacuum for liquid metal transfer and gas
analysis purposes.

The system consists of five subsystems, as follows:
1. Helium Gas Distribution Subsystem
2. Argon Gas Distribution Subsystem
3. Nitrogen Gas Distribution Subsystem
4. Radioactive Helium Processing Subsystem (RHPS)
System Requirements

The IGRPS shall meet the following general requirements:

Receive, store, transfer, and distribute inert gas used on the site.

Provide cover gas for the intermediate heat transport system (IHTS).
Provide inert gas to the fuel transfer machine (FTM) and fuel transfer tubes
Provide cover gas for the reactor shutdown heat removal systems.

Provide a nitrogen atmosphere for the space between the reactor vessel its guard
vessel.

Process all vented gas prior to reuse in the plant or release to the environment.

Those portions of the IGRPS classified safety grade are the piping, vapor traps, and the first two
valves which form a part of the reactor vessel boundary or the fuel storage tank boundary.
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System Description
The IGRPS is composed of the following subsystems:

e The radioactive argon gas distribution subsystem, which distributes fresh and
recycled argon principally to the reactor vessel cover gas space and portions of the
fuel handling system.

e The intermediate argon gas distribution subsystem, which distributes fresh argon
mainly to the cover gas spaces of the IHTS.

e The nitrogen gas distribution subsystem, which primarily distributes nitrogen to the
inerted spaces between the reactor vessel and its guard vessel.

Radioactive Argon Gas Distribution Subsystem — The radioactive argon gas distribution
subsystem is composed of high pressure storage vessels (tube banks), pressure regulating valves,
stop valves, piping, emergency gas bottles, vapor traps, filters, and relief systems. All the cover
gas cell and equipment spaces that require argon use recycled argon to minimize consumption.
The level of radioactivity in the recycled argon gas is reduced by the RHPS to a level such that it
will not cause a radiation hazard.

Intermediate Argon Gas Distribution Subsystem — The intermediate argon gas distribution
subsystem is composed of liquid argon storage tanks, pressure control valves, stop valves,
piping, vapor traps, filters, and relief systems. Argon is distributed to the Steam Generator
building for use as a cover gas in the intermediate heat transport system (IHTS), IHTS cold traps,
and SWRPS rupture disc areas. Argon is distributed to the auxiliary buildings for use as the
cover gas for DRACS NaK expansion and drain vessels. The fuel handling facility is supplied
with argon gas for various fuel handling system uses.

Nitrogen Gas Distribution Subsystem — The nitrogen gas distribution subsystem is composed of
liquid nitrogen storage tanks, vaporizers, pressure control valves, stop valves, piping, filters, and
relief systems. Nitrogen gas is used for inerting the annulus between the Reactor Vessel and its
guard vessel. It is also used for steam generator water-side purging.

Radioactive Argon Processing Subsystem — The radioactive argon processing subsystem is
composed of a vacuum vessel, vacuum compressors, a surge vessel, charcoal absorber vessels,
piping, pressure control valves, stop valves and particulate filters. It is located in shielded cells in
the lower level of the reactor building. The RHPS cleans up the argon gas that is normally vented
from the reactor cover gas space and the FTM and FHC such that the gas can be safely recycled
with an acceptable radiation hazard to personnel external to the recycled helium piping.
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[1.13 Electrical Power Systems

[1.13.1 Power Transmission System

The power transmission system provides the electrical interties for the control and
distribution of power between the off-site power system and the station service AC power
systems. The generating station can receive AC power from the main generator; from off-site
backfeed through the main generator step-up transformers; or from off-site ties through reserve
station service transformers.

The power transmission system provides the means for the control and transmission of
generator output power to the utility grid through the main generating step-up transformers and
the station switchyards.

System Requirements

The system shall be designed so that power can be supplied from the generator output during
normal operation, or from the off-site power sources during startup and shutdown, or during
maintenance or repair of parts of the normal system. An automatic transfer scheme shall be used
to transfer from the unit station service transformer to the off-site source for certain loss of power
events. The preferred transfer will be to the off-site supply feed through the generator step-up
transformers. If this latter supply is lost or unavailable, station service system will automatically
transfer to the reserve power supply. The generator load break switch shall be capable of full
load current circuit interruption and fault current circuit interruption. The power transmission
system is a nonsafety-grade system and is classified as Quality Assurance Group D in
accordance with Regulatory Guide 1.26.

System Description

The power transmission system supplies three alternate power connections for the plant station
service load. A reserve supply is provided from the off-site system, via two three-winding
reserve station service transformers, each 161 kV to 13.8 kVV-4.16 kV. The two reserve sources
are developed in a 161 kV switchyard. Each reserve source connection from the switchyard is
installed in a duct bank or in a concrete lined trench, set in a sand filled earthen furrow, and
bridged with precast concrete covers designed with drainage provisions, and protected along
roadways, access ways, and removed from major building foundations. Either of these
installation methods offers accessibility and protection and is able to accommodate future
circuits. Separation of duct banks (or trenches) is required for each reserve source connection
(i.e., each has a dedicated installation). Within a duct bank (or trench), control circuits are
specified as separate from power circuits. The electrical power interface of the Class IE AC
power systems and the power transmission system is located at the Class IE 4 kV switchgear
breaker terminals.

[1.13.2 Station Power System

The station power system receives power from the power transmission system, provides
standby AC and DC power supplies, and distributes power to all building and equipment loads of
the power station. It also provides the plant grounding grids for safety grounding of electrical
circuits and building structures. The electrical load of this system is commonly called "the hotel
load."
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System Requirements

The station power system shall receive power from the power transmission system
and provide the transformers and associated switching and control equipment
necessary to supply the maximum design station electrical power load.

The station power system shall provide standby AC and DC electrical power capacity
sufficient to supply essential loads upon complete loss of power at the interfaces
between the power transmission system and the station power system.

Those portions of the Station Power System that provide power to Class IE power
systems as defined in IEEE Standard 308 shall meet the requirements of this
Standard.

The interfaces between the Station Power System and the systems that receive power
from the Station Power System shall be established by interface agreements between
the responsible design organizations. These agreements shall be prepared with due
consideration for minimizing fragmentation of design and construction responsibility.
Similar interface agreements shall be prepared for connection of structures and
equipment to the plant grounding grids.

System Description

The station power system provides electrical power to all station loads, grounding for electrically
energized equipment and plant structures, and lightning protection for the plant. This system
consists of standard industrial power plant type equipment necessary to distribute power to the
loads. This equipment includes medium voltage and low voltage switchgear buses, medium
voltage to low voltage step-down unit substations, distribution transformers and panels, station
batteries, and standby turbine-generator units. The station power system is designed to supply the
plant loads at the appropriate utilization voltages. The nominal bus voltages selected are:

1.

13.8 kVAC, nominal, 3-phase, 3-wire, 60 Hz - Power supply for very large motor-
driven equipment rated 13.2 kVAC, resistive loads, and unit substation transformers
with transformer primary rated 13.8 kVAC nominal.

4.16 kVAC, nominal, 3-phase, 3-wire, 60 Hz - power supply for large motor-driven
equipment rated 4.0 KVAC and unit substation trans-formers with transformer
primary rated 4.16 kVAC nominal.

480 Y/277 VAC, nominal, 3-phase, 4-wire, 60 Hz - power supply for heat tracing
control panels and plant lighting.

480 VAC, nominal, 3-phase, 3-wire, 60 Hz - power supply for small motor-driven
equipment, lighting, heating loads, and welders.

120/208 VAC, nominal, 3-phase, 4-wire, 60 Hz - power supply for control systems,
instrumentation, lighting, communications, and small (generally fractional
horsepower) motor-driven equipment.

250 VDC, nominal 2-wire - power supply for DC motor-driven equipment.

125 VDC, nominal 2-wire - power supply for control systems, instrumentation and
annunciation.
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8. 120/208 VAC nominal 3-phase, 4-wire, 60 Hz, uninterruptibel power supply for
control and instrumentation which must be continuously energized under all plant
operating modes.

The station power system is radial in configuration, that is, there are no bus ties, double-ended
substations, or primary selector switches. Each medium voltage bus (13.8 kV and 4.16 kV
nominal) has at least two transferable incoming supplies. One supply is from one of the two Unit
station service transformers (USST); the second supply is from one of the two reserve
transformers. Power can be supplied to the 13.8 kV and 4.16 kV buses via the USSTs from the
main turbine-generator (Plant Power Supply) with the generator circuit breaker closed, or from an
off-site power source via the generating switchyard and main transformer with the generator
circuit breaker open or from the reserve transformer. The off-site power via the generating
switchyard is considered the preferred power supply, because it serves as the first access to the
utility power transmission grid upon plant trip and is consistent with utility terminology.

The station power system delivers the maximum total continuous plant power requirements from
the plant, preferred or reserve power supplies. All 480 VAC nominal unit substations (USS) are
fed from medium voltage buses through unit substation transformers; and 480 VAC nominal
motor control centers (MCC) are fed from 480 VAC USS. Voltage at USS and MCC buses is
adjusted by no-load tap changers at the USS transformers to ensure acceptable voltage regulation.

The 120/208 VAC and 277/480 VAC nominal power and lighting panels are fed from the 480
VVAC nominal motor control centers through dry type distribution transformers. Voltage at the
power and lighting panels is adjusted by no-load tap changers at the distribution transformers to
ensure acceptable voltage regulation.

The standby AC power system is divided into two load groups known as Division 1 and 2 that
are powered from two gas turbine-generator units. One generator unit feeds Division 1 and one
generator unit feeds Division 2. Division 1 and 2 are physically and electrically independent
power systems. The gas turbine-generator units are housed in separate buildings as shown on Fig.
11.9-1, and the buildings and equipment are Seismic Category | and Safety Grade.

Standard LWR practice is to use diesel-generator units for on-site standby power. Gas turbine-
driven generators are an acceptable alternative for a pool-type LMFBR because the large thermal
capacity in the sodium pool eliminates the fast starting requirements of the LWR plants. Tests
conducted on sodium-cooled fast-reactor plants in the United States and in Europe have
demonstrated that properly designed systems can safely withstand loss of normal power without
operation of standby generators for extended periods of time. One standby generator has the
capacity to supply the Class IE and other essential loads if one generator is inoperative during the
loss of off-site power. The gas turbine-generator units and buildings shown on Fig. 11.9-1 are the
same as a unit recently installed at the Fast Flux Test Facility.

A past loop designs for a 1,000 MWe plant requires about 80 MWe of hotel power. Although a
detailed system load analysis has not yet been made, reductions in primary system pumping
power, elimination of the recirculating gas system for the primary heat transport system,
reductions in HVAC system size and other attendant reductions suggest that the potential exists
for reducing the hotel load for the ABR pool-type plant significantly. For purposes of
comparison, Phenix a 254 MWe plant has a hotel load of 16 MWe.
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[1.13.3 Sodium Piping and Equipment Heating and Insulation System

The sodium piping and equipment heating and insulation system provides the piping and
equipment insulation and insulation hardware, electrical heaters, the heater mounting devices, the
electrical power controllers and the temperature sensors, required to insulate and heat the sodium
or the NaK containing components of the following process systems:

1. Reactor Enclosure System

Fuel Receiving, Storage, and Shipping System
Intermediate Heat Transport System

Direct Reactor Auxiliary Cooling Systems
Steam Generator System

Liquid Metals Auxiliaries System

Inert Gas System

8. Impurity Monitoring and Analysis System

This system also provides a heating system for preheating the reactor vessel prior to sodium
loading.

System Requirements

The sodium piping and equipment heating and insulation system provides the following heating
and insulation functions for those process systems that contain sodium or NaK:

e Preheat the sodium process systems solid metal parts, before the systems are filled
with liquid metal sodium, from ambient conditions up to 450°F.

N o gk~ own

e Heat the sodium process systems from plant extended shutdown conditions to reactor
startup conditions, with the process systems filled with sodium.

e The piping and equipment electrical heating system shall provide controlled heat to
melt sequentially the frozen sodium.

e Insulate to limit piping and equipment heat losses to the building and maintain
insulation surface temperatures at or below 140°F.

The sodium piping and equipment heating and insulation system is nonsafety grade.
System Description

Electrical power is used for the piping and equipment heaters. The heating cable is either
wrapped around the component or piping or placed in zig-zag pattern on the surface of the
component. The heat rate required by different components is controlled by thermocouples
which monitor piping and component temperatures and adjust the power supplied to the heaters.

The insulation system consists of an inner jacket of stainless steel, insulation layer of either
mineral or reflective insulation depending on the operating temperature, and an outer protective
jacket of stainless steel. For smaller piping or components, the heaters are wrapped around the
component. For tanks and large components, the heaters are arranged in banks.

Because the primary pump guard vessels, IHX guard vessels, primary piping check valves,
overflow vessel and primary piping are eliminated, the system size will be approximately 60% of
a comparable loop plant design.
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Part Il
Detailed Design and Engineering Analyses

I11.1 Seismic Isolation

When an earthquake occurs, the seismic waves travel through the ground where the reactor is
supported causing the reactor structures to shake back and forth along with the ground. For this
reason, reactor structures must be designed to sustain the inertia force generated by the vibration.
The earthquake motion obviously depends on the characteristics of the site where the reactor is
located. This makes the seismic design of the reactor site-dependent. One of ABR design
requirements is to modularize the reactor construction to reduce capital costs. In other words,
the reactor structure design has to be standardized regardless of seismic conditions. To make this
standardization feasible, the site specific seismic design has to be decoupled from the structural
design. This can be achieved by incorporating the base isolation into the reactor structure.
These base isolators can be tuned (adjusting its period of vibration) so that the reactor structure
will experience about the same magnitude of the seismic loading irrespective the site.

The fundamental principle of base isolation is to provide a layer with low horizontal stiffness
between the structure and the foundation so that the structure is decoupled from the horizontal
components of the earthquake motion. This layer gives the reactor structure a fundamental
frequency that is much lower than that of the same reactor structure without this soft layer. Also,
this fundamental frequency is much lower than the predominate frequencies of the ground
motion. As a result, the ground motion transmitted into the structure is modified (the isolator
functions as a low pass filter). The high frequency contents in the ground motion will be filtered
out along with the high energy associated with these frequencies. Since the base isolator has low
horizontal stiffness, a large horizontal displacement will take place during the earthquake. This
large displacement needs to be accommodated in the structural design; therefore, in ABR a
trench with a seismic gap of 90 cm is built around the reactor structure.

There are three technical challenges for designing a base isolation system for ABR. These
challenges are listed below.

1. The footprint of ABR reactor structure is small. Therefore, the number of base
isolators that can be installed is limited, and the size of the base isolator is also
limited by the footprint. As a result, the load carried by each base isolator is high.
The preliminary design of ABR indicates that this load is about 600 metric tons. If a
safety factor of 1.5 is considered, 900 metric tons would be the design load for each
isolator.

2. The ABR site will be used in a remote rural area where the weather temperature may
be below freezing during winter. The mechanical properties of the isolator must be
stable during the temperature change.

3. The weight of the ABR reactor structure is not a constant during the whole life of the
ABR. The fundamental natural frequency of the base isolator system must be
insensitive to this weight change.
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Seismic isolators are classified as either elastomeric or sliding. Elastomeric isolators include
high-damping rubber bearings (HDR), low-damping rubber bearings (RB) or low-damping
rubber bearings with a lead core (LRB). Sliding isolators include flat assemblies, the friction-
pendulum system (FPS) or the multiple friction-pendulum system (MFPS). The difference
between the FPS and MFPS is that the FPS has a single concave surface whereas the MFPS
consists of two facing concave surfaces. As a result, the MFPS can accommodate a larger
relative displacement at the isolator level.

In ABR the sliding isolators are chosen in favor of the elastomeric isolators for the following
reasons.

1. With the design load of 900 metric tons, the size of the elastomeric isolator would be
about two meters in diameter. This may cause difficulties for the manufacturer of the
rubber bearing because the damping of the rubber bearing comes from a chemical
compound added into the natural rubber. The bigger the rubber bearing, the longer
the curing time. This makes quality control of the bearing difficult.

2. The mechanical properties of the rubber bearing will be degraded in a cold
temperature environment. This is based on the actual performance of rubber bearings
in real earthquakes. During the 1995 Kobe earthquake in Japan, the rubber bearings
installed in the Matsumura Gumi Laboratory building did not attenuate the ground
motion because the ambient temperature was 0 °C and the isolator area was not
heated (Ref. 1).

3. The fundamental natural frequency of the elastomeric isolator is a function of the
weight of the structure. As a result, the performance of the base isolator system
depends on the weight of the structure.

Among the sliding isolators, the MFPS is chosen to be used in the ABR. The MFPS consists
of doubled concave sliding surfaces and an articulated slider with a hinge mechanism. The hinge
mechanism is to guarantee that the super structure always remains vertical during an earthquake.
The system mimics the kinematics of a pendulum, forcing the structure to rise slightly as it
moves horizontally. This movement generates a restoring force to return the super structure back
to its original position. The energy is dissipated by friction. The isolator is made of stainless
steel and is capable of carrying a large load. The fundamental frequency of the isolator is
independent of the weight of the structure (it depends on the radius of curvature of the concave
surface), and the operating temperature of the isolator is from -125°C to 250°C. Therefore, the
MFPS meets all the three challenges mentioned above. In addition, since the movement of the
structure always starts from the mass center of the structure, the torsional response is minimized
(Ref. 2). Note that the MFPS possesses characteristics of both elastomeric and sliding type base
isolators in reducing the seismic response. The advantage of MFPS over HDRB is summarized
below.

Period is independent of the structural weight
Design is simpler

Torsional effect is minimum

No buckling concerns

Durable (made of stainless steel)

Wider working temperature range
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7. Quality control is easier

The reactor design can be standardized by incorporating the MFPS in the reactor structure.
The period of the MFPS may be adjusted for the same reactor design to be used at a different
site.

The weight of the ABR reactor structure is estimated to be 11000 metric tons. If each
isolator carries 600 metric tons, a total of twenty (20) bearings are to be used to support the
reactor structure. A preliminary design shows that for a load of 900 metric tons (600 metric tons
with a safety factor of 1.5) , the size of the isolator is 1 meter in width by 1 meter in length
(square shape) with the height of 35 cm. The radius of curvature is designed such that the period
of the isolator is 3 second, and the maximum allowable seismic displacement is 30 cm. These
isolators are housed in between the basement concrete slab and the foundation concrete slab
shown in Figure I11.1-1. The arrangement of these isolators is shown in Figure Y, and the cross
section of a MFPS isolator is shown in Figure I11.1-3. Each seismic isolator is inserted at the
mid-height of a 120 cm by 120 cm reinforced concrete column that transfers the weight of the
super-structure through the isolator to the foundation. These columns provide a 152 cm high
space for inspection and maintenance. Each isolator unit is surrounded by four 50 cm by 50 cm
concrete pedestals. The clear distance from the isolator to the pedestal is 85 cm. These pedestals
function as a physical barrier, in case of a higher than expected structural response. This is to
avoid collision of the reactor structure and the moat wall. These pedestals also serve as
temporary supports for the reactor structure when an isolator unit needs to be replaced.

Note that the MFPS is a 2D isolator. It means that it provides reduction for the horizontal
seismic loading only. It does not reduce the vertical seismic loading. A three-dimensional
seismic isolation is not proposed herein for the following two reasons.

1. The reason for inserting the steel shim plates into the laminated rubber bearing is to
increase the vertical stiffness of the isolator. However, isolation in vertical direction is
achieved by reducing the vertical stiffness. These two ideas contradict each other.

2. The vertical isolators will introduce additional rocking vibration to the structure. In
1969, the Swiss Full Base Isolation-3D system was installed for an elementary school
in Skopje, Yugoslavia. The building bounced and rocked backward and forward in
an earthquake (Ref. 3). Therefore, the vertical isolator is not recommended in any
building codes.

However, several 3D isolators were developed in Japan recently (Ref. 4). These 3D isolators
are under reviewing now. 3D isolators may be proposed in the future if they are proved to be
effective in reducing the seismic loadings with no adverse side effects.

Reference
1. Trevor E Kelly, “Base Isolation Structures — Design Guidelines”, Holmes Consulting
Group Ltd., July 2001.

2. C. S. Tsai, T. C. Chiang and B. J. Chen, “Seismic Behavior of MFPS Isolated
Structure under Near-Fault Sources and Strong Ground Motions with Long
Predominant Periods”, Seismic Engineering-2003, PVP Vol. 466, ASME, Cleveland,
Ohio, 2003.

3. Naeim, F. and Kelly, J. M., Design of Seismic Isolated Structures, John Wiley, New
York, 1999.
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Figure 111.1-1 A Typical MFPS Installation — One MFPS isolator with Four Concrete
Pedestal Stopper
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Figure 111.1-2 Seismic Bearing Layout

201



Figure 111.1-3 Multiple Friction Pendulum System — Cross Section
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1.2 Structural Analyses

[11.2.1 Structural Analysis of Reactor Vessel Deck

The annular deck forms the top closure head (or cover) of the reactor vessel. Functionally, it
provides support for the rotatable plugs, IHXs, pumps, and the Direct Reactor Auxiliary Cooling
System (DRACS). In turn, it transfers the weight to the vessel support and then to the reactor
cavity concrete structure. It also provides thermal and radiation shielding. Thus, the structural
integrity of the deck is an important element of the overall safety of the reactor design.

The current design of the deck is shown in Figure 111.2-1. It is a stressed-skin, box-type
structure construction that consists of top and bottom plates, and inner and outer rings. The space
inside the box structure is divided into many chambers by the ribs (vertical plates) that connect
the top, bottom plates and the inner, outer rings (see Figure 111.2-2). Under the imposed loadings,
the ribs will take mainly the shear forces; whereas, the top and bottom plates are designed to take
the bending moments. There are eleven major penetrations between the inner and outer rings.
Also, there are several other small penetrations (not shown) for instrumentation, sodium
purification piping, and other uses. The eleven major penetrations provide support for the IHXs,
pumps, and DRACS, and have three different size diameters---76 (1.93), 45 (1.14), and 18 (0.46)
inches (meters), respectively. The inner ring of the deck is used to support the single rotatable
plug. The ribs are discontinued when they intersect with the penetrations. The chambers will be
filled with 3/8-inch (0.95 cm) steel balls for radiation shielding. To provide thermal shielding, a
stack consisting of twelve horizontal ¥%-inch (0.635 cm) steel plates with a gap of 0.87 inch (2.21
cm) between each plate is hung from the deck bottom plate. In addition, on the top plate, there
are several layers of thermal insulation that prevent the floor slab from touching the top plate
directly, and lower the temperature of the top area to allow for personnel access for maintenance
and operations.

Figure 111.2-1 Reactor Vessel Deck (Top View)
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Figure 111.2-2 Reactor Vessel Deck with Top Plate removed

The deck has a height of ninety-eight (98) inches (2.49 m). The outer diameter of the deck is
a step function. The outer diameter is 571 inches (14.5 m) for the upper 73 inches (1.85 m) and
narrows to 528 inches (13.41 m) for the lower 25 inches (63.5 cm). This recess of the deck
provides the bearing surface for support of the deck on the top flange of the reactor vessel
conical support structure. All structural plate elements, with the exception of the center cylinder,
are 1.5 inches (3.81 cm) thick to avoid the post-weld heat treatment required by the ASME code
for carbon steel plate thicknesses greater than 1.5 inches (3.81 cm). The center cylinder has a
thickness of 6 inches (15.24 cm). The material for the deck is SA-516 Grade 70 carbon steel.
The current deck design is chosen from four different designs based on the results of the stress
analyses performed. The stress analyses will be briefly described hereinafter. The four designs
are referred as Model 1, 2, 3, and 4 in the following description.

Model 1: This design is the current design without the top plate. An additional 1.5-inch (3.81
cm) plate is located at 25-inch (63.5 cm) above the bottom plate. The idea of this design is to
move the layers of thermal insulation on the top plate inside the deck to reduce the overall
height of the deck.

Model 2: This design is to add 12-inch (30.48 cm) wide flanges to all the ribs of the Model 1
design. The idea of this design is to increase the bending resistance of the vertical ribs.

Model 3: This design is the Model 1 design with the top plate added. The idea of this design
is to further increase the bending rigidity of the deck.

Model 4: This design is the Model 3 design with the mid-plane plate removed. The idea of
this design is to assess the effectiveness of the mid-plane plate.
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The ANSYS computer code was used to perform the stress analyses of these four models.
The loadings considered in the analyses are:

Weight of the structure

Four IHXs, each weight of 102,000 Ibs (46,266 kg)
Four pumps, each weight of 92,600 Ibs (42,003 kg)
Three DRACS, each weight of 5,300 Ibs (2,404 kQ)

Weight of the thermal and radiation shielding is 8.05 psi (55.5 kPa) (applied to the
base plate)

Weight of the dual Rotatable Plug system of 1,045,000 Ibs (474,004 kg)

Note that the twelve ¥s-inch (0.635 cm) plates hung at the deck bottom plate are not modeled
in the finite element analysis. However, the weight of these plates is included in the loading
calculation. The total weight of the deck structure, including all supported equipment, is about
4,000 kips (1,818,182 kg). Two computer output quantities are examined and used as the index
for the assessment. They are the maximum deflection and the maximum Von Mises stress (the
so-called equivalent stress). The results of the stress analyses are tabulated in the following

table.

Table 111.2-1
Model Deflection (in)/mm Von Mises Stress
(ksi)/MPa
1 0.0625/1.59 8.47/58.4
2 0.0624/1.58 9.17/63.2
3 0.041/1.04 3.53/24.3
4 0.037/0.94 3.07/21.2

The data presented in the table above clearly indicates that Model 4 is the most effective
design. Therefore, Model 4 is chosen to be the current design. The vertical deflection and Von
Mises stress plots for Model 4 are presented in Figures 111.2-3 and 111.2-4 respectively.
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Figure 111.2-3 Vertical Deflection of Model 4

Figure 111.2-4 Von Mises Stress of Model 4
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[11.2.2 Structural Analysis of Reactor Vessel

This section describes the preliminary structural/stress analyses of the reactor vessel. The
purpose of this analysis is to determine the thickness of the vessel and the knuckle radius for the
torispherical vessel head. The design presented is not the optimal solution. Additional studies are
being carried out. The results will be reported in future reports. In the current design, the reactor
vessel is a cylindrical shell with a torispherical bottom. A torispherical bottom is a spherical cap
with a toroidal segment that connects to the cylindrical shell. The inside radius of the cylindrical
shell is 276.75 inches (7,029.45 mm). The radius for the spherical shell portion of the bottom
head is 549.5 inches (13,957.3 mm). The radius of the toroidal segment of the bottom head is
referred to as the knuckle radius. Two knuckle radii are assumed in the study presented herein.
They are 33 inches (838.2 mm) and 72 inches (1828.8 mm) which are about 6% and 13% of the
spherical radius, respectively. The stress analysis presented here is for only the static loads
imposed on the vessel which include:

1. The vessel weight

2. The weight of the sodium (hydrostatic pressure)

3. The weight of the internal structures including the redan, reactor core, and the core
support structure

The material for the entire vessel is Type 304 stainless steel. The stress-related quantities
examined include the stress intensity, the equivalent stress, the shear stress, and the vertical
deflection of the bottom head. The stress intensity and equivalent stress are the indicators for
material yielding. They are used in the Tresca and VVon Mises yield conditions, respectively. The
shear stress is the indicator for the degree of discontinuity at the boundary of the cylindrical and
toroidal shells and the boundary of the toroidal and spherical shells. The vertical deflection (at
the center of the torispherical shell) is the indicator for the overall structural rigidity. In this
study, the entire vessel is assumed to have the same thickness throughout. The thicknesses
considered are 1.375, 1.5, 1.625, 1.75, and 2 inches (34.92, 38.1, 41.28, 44.45, 50.8 mm). The
ANSYS finite element code is used to perform the stress analyses. The results are tabulated in
the table below.
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Table 111.2-2
Knuckle radius = 72 in (1828.8mm) (13% of spherical radius)

Vertical
Thickness ~ Von Mises  Stress Intensity ~ Shear Stress Deflection
(in)/(mm)  (ksi)/(MPa) (ksi)/(MPa) (ksi)/(MPa) (in)/(mm)
1.375/34.92 16/110.3 17.5/120.7 6.5/44.8 0.26/6.60
1.5/38.1 13.6/93.8 15.6/107.6 4.7/32.4 0.23/5.84
1.625/41.28 12.4/85.5 14.1/97.2 4.2/28.9 0.21/5.33
1.75/44.45 11.5/79.3 13.1/90.3 3.9/26.9 0.2/5.08
2/50.8 9.4/64.8 10.6/73.1 3.1/21.4 0.18/4.57
Knuckle radius = 33 in (6% of spherical radius)

Vertical
Thickness ~ Von Mises  Stress Intensity  Shear Stress Deflection
(in)/(mm)  (ksi)/(MPa) (ksi)/(MPa) (ksi)/(MPa) (in)/(mm)
1.375/34.92 29.8/205.5  34/234.4 11.5/79.3 0.39/9.91
1.5/38.1 25.5/175.8  29/199.9 9/62.1 0.36/9.14
1.625/41.28 23.7/163.4  26.9/185.5 8.4/57.9 0.32/8.13
1.75/44.45 20.7/142.7  23.6/162.7 7.3/50.3 0.3/7.62
2/50.8 17/117.2 19.3/133.1 6.3/43.4 0.25/6.35

The data in the table clearly indicates that the knuckle radius of 72 inches (1828.8 mm) is
better than that of 33 inches (838.2 mm), and that the thicker the shell, the lower the stresses.
Therefore, in the preliminary study, a vessel with the torispherical knuckle radius of 72 inches
and the shell thickness of 2 inches is recommended. Notice that the Von Mises stress for this
case is 9.4 ksi (64.8 MPa) which is less than the allowable stress, 16.6 ksi (114.4 MPa) given in
ASME code for 304 SS at the temperature of 600 °F (316°C). The stress intensity for the vessel
with the knuckle radius of 72-in (1828.8-mm) and thickness of 2-in (50.8-mm) thickness is
shown in Figure 111.2-5. One can see clearly that the high stress occurs at the containing the
toroidal segment. It is also seen from Figure I11.2-5 that the cylindrical shell has low stress
intensity at the top and middle sections. The thickness of shell at these regions may be reduced to
save the material and fabrication cost. This will be evaluated in future work.
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Figure 111.2-5 Stress Intensity for Reactor Vessel with Knuckle radius of 72-in (1828.8-mm)
and thickness of 2-in (50.8-mm)

The shear stress plot for the same vessel is presented in Figure 111.2-6. Again, the maximum
shear stress is at the transition region containing the toroidal segment. This result parallels the
same information as that of the stress intensity---namely, the high stress is caused by the
curvature discontinuity. Examination of the data for the shear stress listed in the table above
clearly shows that the shear stress monotonically decreases with the increase of the thickness.
This is because the thicker the shell, the less deformation of the shell and, hence, the less shear
stress developed to eliminate the discontinuity of the displacement.
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Figure 111.2-6 Shear Stress for Reactor Vessel with Knuckle radius of 72-in (1828.8-mm)
and thickness of 2-in (50.8-mm)

[11.2.3 Stress Analysis of the Sodium Piping in the Intermediate Heat
Transfer System (IHTS)

The layout of the IHTS sodium piping needs to be designed so that it is sufficiently flexible
to accommodate the thermal expansion due to the sodium high temperature, and that the piping
layout is practical and appears feasible from a construction and maintainability viewpoint. The
preliminary stress analysis performed and presented herein was used to arrive at a preliminary
sodium piping layout. The purpose of this analysis is not to qualify the piping system according
to the ASME code, but to design a piping layout that can be reasonably expected to meet all
functional and code requirements. Subsequent structural analysis in the next phase of work will
develop these piping systems further to meet all requirements of applicable codes, and to provide
cost effective piping layouts. These more detailed analyses will consider loads not included in
this preliminary analysis, such loadings from design earthquakes and possible sodium-water
accidents.

There are four (4) piping loops used in the secondary sodium system. Each piping loop
consists of a “Hot Leg” that transports the hot sodium (900 °F/482 °C) from the IHX in the
reactor vessel to the steam generator and a “Cold Leg” that returns the cold sodium (620 °F/327
°C) back to the IHX. The Cold Leg of the piping system can be further divided into two
segments. The first is the piping segment which runs from the steam generator to the secondary
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sodium mechanical pump, and the other segment which runs from the mechanical pump to the
IHX. These two segments are referred to as “Cold Leg 1” and “Cold Leg 27, respectively. The
mathematical models for the piping systems are generated from the piping module of the
ANSYS computer code. All piping is 24” schedule 40, and the material is Type 316 stainless
steel. The following loadings are considered in the analyses:

e The piping material weight
e The sodium weight

o The insulation and jacket weight assuming 4 inches (102 mm) of insulation with a
density of 4.34e-5 Ib-s?/in (7.74e-6 kg-s*/cm)

o Internal pressure of 325 psi (2.24 MPa)
e The valve weight of 500 Ibs (227 kg)(assumed)
Based on the ANSYS stress analyses, the following quantities are calculated.
e Sustained stress, S, calculated by
SL =PDy/4t + iMalZ
where P = internal pressure = 325 psi (2.24 MPa)
D, = outside diameter of pipe
t = wall thickness of pipe = 0.687 inch (17.4 mm)
i = 0.75 of the stress intensification factor (output from ANSYYS)
M a = resultant moment on cross section (output from ANSYYS)
Z = section modulus of pipe = 285.1 in® (4792 cm®)
e Thermal stress, Sy, given by
St =iMc¢/Z
where M¢ = resultant moment due to thermal expansion (output from ANSYYS)

The sustained stress, Si, will be compared with the material allowable stress at the sodium
temperature, Sy, and the thermal stress will be compared with the stress, S,, calculated by

Sa=1.25(Sc+Sh)-S1
were S; is the material allowable stress at room temperature.

A pipe layout is admissible if S < Sy and S < S,. Note that these two criteria are derived
from the ANSI/ASME B31.1 power piping code. By satisfying these two criteria, it is very
likely that the piping will meet the Section 11l of the ASME Boiler and Pressure Vessel code as
well. Trial-and-error was used to determine the layouts. The final layouts and the associated
stresses for three pipe segments are presented below.

Hot Leg: from IHX to Steam Generator (length is about 173.5 feet (53 m))
The layout is shown in Figure 111.2-7, and the stresses are tabulated in the following table.
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Table 111.2-3

0.75 Stress
Cross Intensificatio Ma (in- Mc (in- SL, Sh, Sy, S.,
Section n Factor, i kip)/(m-kg) kip)/((m-kg) | ksi/Mpa | ksi/MPa ksi/MPa ksi/MPa
1462.5/1685 | 3446.5/3970 14.6/100. 35.28/24
Straight 1 0 9 7.97/55 7 12.09/83.4 3
3204.8/3692 | 9.45/65. | 14.6/100. | 23.61/162.
Elbow 2.1 898.1/10347 4 2 7 8 33.8/233
Figure 111.2-7 Piping from IHX to Steam Generator Layout
Cold Leg 1: from Steam Generator to Mechanical Pump (length is about 129 feet (39 m))
The layout for this pipe line is shown in Figure 111.2-8. The stresses are tabulated in the
following table.
Table 111.2-4
0.75 Stress
Cross | Intensification Ma (in- Mc (in- S, Sh, Sy, Sa,
Section Factor, i kip)/(m-kg) kip)/((m-kg) | ksi/MPa | ksi/MPa | ksi/MPa | ksi/MPa
Straight 1 1570.9/18099 | 1271.2/14646 | 8.35/57.6 | 17/117 | 4.46/30.8 | 37.9/261.3
Elbow 2.1 844.57/9731 | 1294.6/14916 | 9.06/62.5 | 17/117 | 9.54/65.8 | 37.2/256.5
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Figure 111.2-8 Piping from Pump to IHX Layout
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1.3 Thermal-Hydraulic Analysis

A computational fluid dynamics (CFD) analysis was performed for a reference ABR primary
system to assess at steady-state flow patterns in the primary reactor system, sodium pool
temperature distributions, and temperature distributions in the reactor vessel, guard vessel and
the reactor vessel closure structures. For these analyses the CFD code STAR-CD was used.

The CFD model has about 630,000 computational cells, and includes the reactor pumps, the
reactor plenum, the reactor core, lower reflector, upper shield, radial reflector, and radial
shielding, the redan, the intermediate heat exchangers (IHXs), the reactor vessel, the guard
vessel, the structures that form the closure of the reactor vessel, the argon cover gas, the argon
gas space between the reactor and guard vessel and between the reactor vessel closure and the
concrete support structures. The reactor and the IHXs were modeled as porous media. The heat
generation in the core was modeled as a volumetric heat source, and the 1HXs were modeled as
volumetric heat sinks. Because at this time the STAR-CD code does not allow radiation from a
liquid surface, a solid of zero thickness and zero thermal resistance was placed on the top of the
sodium pool (separating the sodium from the argon cover gas). The emissivity of this solid was
set equal to that of the sodium pool surface (Ref.1).

Because the auxiliary cooling systems have not been sized yet, the following boundary
conditions were used on the outer boundary of the model: a temperature of 90°C on the outer
surface of the guard vessel insulation, on the top of the structure supporting the reactor vessel
skirt, and on the outer surface in the radial direction of the concrete blocks surrounding the upper
structures of the reactor vessel; and a temperature of 32°C on the top of the insulation above the
reactor vessel cover, and on the top surface of the concrete blocks surrounding the upper
structures of the reactor vessel. For the reference case a very effective insulation (foam glass )
has been used in the redan (10 cm thick), the upper section of the reactor vessel ( 10 cm thick),
the guard vessel (12 cm thick), and the top of the reactor cover (42 cm thick).

Figure 111.3-1 shows the computational grid in the fluid domain for one half of the model.
Figure 111.3-2 shows the pump shells, the pipes from the pumps to the inlet plenum, and the outer
IHX shells. Figures 111.3-3 and 111.3-4 show the reactor vessel, and the guard vessel, respectively.

Figure 111.3-5 shows the sodium flow in the hot pool on a vertical plane passing through one
of the IHXs. The figure also shows part of the top of the hot pool. The main flow pattern is a
strong upward flow towards the inlet of the IHXs. There is a weak recirculation zone on the side
of the pumps. Figure 111.3-6 shows the velocity field on a horizontal plane passing through the
inlet of the IHXGs.

Figure 111.3-7 shows the temperature distribution in the cold pool and the reactor. As
expected, there is a thermal stratification in the cold pool, with a decreasing sodium temperature
as we move from the top to the bottom of the pool. Figure 111.3-8 shows the temperature
distribution in the hot pool on a vertical plane passing through the center of one of the IHXs.
There is a hot plume at the center of the pool, and a small temperature variation between the side
of the IHXs and the side of the pumps.

Figure 111.3-9 shows the temperature distribution in the reactor vessel and Figure 111.3-10
shows the temperature distribution in the reactor vessel and the reactor cover structures above the
reactor cover gas and below the reactor cover insulation on a vertical reactor vessel symmetry
plane. Because a very effective insulation has been used, most of the heat loss is through the
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reactor vessel skirt and the large temperature gradients are in the radial direction. Figure 111.3-11
shows the temperature distribution in the guard vessel.

To assess the impact of the insulation placed all around the redan and on the upper section of
the reactor vessel (starting 1.7m below the top of the cold pool), simulations were performed
with and without the insulation. With an insulated redan, about 13 Kw of heat are transferred
from the hot pool to the cold pool. Without insulation, the heat transferred from the hot pool to
the cold pool is about 5 Mw. This underscores the significance of the redan insulation.

Figure 111.3-12 shows the temperature distribution in the reactor vessel when its insulation is
removed. As expected, with insulation (Figure 111.3-9) the upper section of the reactor vessel is
colder, and. above the cold pool its temperature is reduced by about 350C. Because the
maximum temperature is the same (with and without insulation), the impact of the insulation
should be assessed in terms of the related thermal stresses.

To provide an estimate of the heat load to be removed by the reactor cover cooling system,
and the guard vessel cooling system, the heat removed out of the boundaries cooled by these
systems was computed for the boundary conditions used in this analysis. A load of 155 kw was
computed for the guard vessel cooling system, and a load of 40 kw for the reactor cover cooling
system.

To provide an estimate for the guard vessel cooling system requirements, a CFD model of
this system was generated. This system provides forced air flow that removes heat from the
guard vessel insulation and the steel-liner of the concrete structure that surrounds the guard
vessel. The air flows down in the gap (12.7 cm) between the concrete liner and a 2.54 cm thick
baffle surrounding the guard vessel, and upwards in the gap (9.84 cm) between this baffle and
the guard vessel insulation. In this preliminary analysis, an air flow rate of 7.11 kg/s and an inlet
temperature of 300C were used. An adiabatic boundary condition was used at the outer surface
of the concrete liner. This is a conservative assumption. The air heat transfer coefficient was
computed directly by the turbulence model (standard high-Reynolds number k-¢ model). In this
analysis, the grid in the fluid (air) is very coarse, and further analysis is needed to compare the
heat transfer coefficient computed by the model with that computed from correlations.

Figure 111.3-13 shows the temperature distribution predicted in the concrete liner. This
distribution is quite uniform with a maximum temperature of 460C. It should be pointed out that
this initial simulation is based on a coarse grid and the impact of the grid structure on predicted
temperatures needs further investigation.

References

1. A.Yamaguchi and Y. Tajima, “Numerical Investigation of Mass and Heat Transfer in
Sodium Pool Combustion,” Numerical Heat Transfer, Part A, 41:697-709, 2002.
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Figure 111.3-4 Guard vessel
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1.4 Shielding Analysis

[11.4.1 Evaluation of Dose Rate in Reactor Building

To determine the biological shield thickness of the reactor closure, the radiation dose rate in
the reactor building of the ABR plant was evaluated. The reference ABR core concepts of 1000
MWth power rating have been developed using ternary metal (U-TRU-10Zr) and mixed oxide
(UO,+TRUOQ:,) fuels and the detailed design description and core performances parameters are
provided in Section Il.1. Two core concepts were developed for both metal and oxide cores:
startup and TRU recycled equilibrium cores. The weapons-grade plutonium was used as the TRU
feed of the startup core without recycling the spent fuel, while TRUs recovered from the ABR
and LWR spent fuels were used as the primary and makeup TRU feeds for the recycled core,
respectively. Among these core concepts, the recycled metal core was used for the dose rate
calculations expecting a conservative result from high flux level and TRU enrichment. It is noted
that the average core flux of the reference ABR metal core is ~17 % higher than that of the oxide
core and the TRU enrichment is about 22%.

The typical maximum permissible radiation dose rates are provided in Table I11.4-1, which
were determined using the constraints for the biological shield of reactor personnel stated in the
Code of Federal Regulations (10CFR20 and 10CFR50). For example, the maximum permissible
radiation dose rate of 2.5mrem/hr in the reactor building, which is classified as Zone-1l, was
determined from the maximum radiation dose rate of 100 mrem for a 40-hour work per week. It
is noted that the measured radiation dose rate in the EBR-II reactor building above the reactor
closure with the reactor operation at 72% full power rating (45 MW) is 0.4mrem/hr [1]. For the
ABR plant, the target radiation dose rate in the reactor building above the reactor closure was
decided to be less than 0.1mrem/hr during a full power operation.

Table 111.4-1 Maximum permissible Radiation Dose Rates

Weekly o

Zone — . Criteria

Zone description Access time

Class (mrem/hr)
(hr)

I Unrestricted area, routinely occupied Unlimited <0.25

] Restricted area, non-routinely occupied 40 <25

I Radiation area, limited access for routine task 6 <15

v Radiation area, access for specific non-routine task | 1 <100

Figure 111.4-1 shows the primary system of the reference 1000MWt ABR plant. The
reference ABR core consists of 180 driver fuel assemblies, 114 reflectors, 66 shields, 15 primary
control assemblies and 4 secondary control assemblies. The equivalent diameters of the active
core and core barrel are 2.39 m, 3.47 m, respectively. The in-vessel storage is located between
the core barrel and redan: there are 66 positions for the interim storage of the fresh and spent
fuels. By assuming structural occupation of 20% in the primary vessel, the primary vessel
contains coolant sodium of 1309 MT with the radius of 7.03 m and height of about 13.25 m. The
average primary coolant flow rate is ~5080 kg/sec, and the primary coolant circulation time is
less than few minutes [2].
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Figure 111.4-1 Schematics of 1000 MWth ABR Reactor

The primary vessel is covered by a reactor head which is composed by multiple steel plates
filling insulating material between the plates. The reactor head thickness was designed to be ~61
cm with 22 steel plates. However, the reactor head was ignored in the dose rate calculation
because the detailed design parameters of the reactor head have not been fixed [3]. There are two
closures are designed for the biological shield of the reactor building. The reactor closure is
made with steel balls. The volume fraction of steel balls in the shield was determined to be 60%,
based on the theoretical maximum volume fraction of ~68% for a body centered cubic (BCC)
distribution. The total thickness of the lower and upper closures was determined to be ~107 cm
in the recent ABR plant design. A thermal insulation of ~50 cm thickness is covered the reactor
closure. Three steel plates are located between the reactor head, the lower closure, the upper
closure, and the insulation. The total thickness of these steel plates is ~7.0 cm.
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Sodium in the primary system is activated during a reactor operation and the activation
products are the primary radiation sources to be shielded by a biological shield. Natural sodium
is composed entirely by Na-23 and reactions of (n,y) and (n,2n) produce radioactive Na-24 and
Na-22 isotopes, respectively. Na-24 decays with 14.95 hour half-life and emits both 1.37 MeV
and 2.75 MeV photons. Na-22 has a relatively longer half-life of 2.60 year and emits 1.27 MeV
photon. Thus, Na-24 is the dominant activation product during a reactor operation, while Na-22
becomes dominant after 10 days following a reactor shutdown. By assuming that the primary
coolant is activated in the activating zone (i.e., core and vicinity) and mixed up in the primary
vessel, the equilibrium activity per unit volume of the primary coolant is determined as

-4
(1—e )~ R M

= ¥

(l - e_ﬂth ) mtotal (1)

activation

S, =R,

where
X = reaction type,

R = reaction rates (ZX¢), Jem?®-sec,

Ay = decay constant of activated sodium, /sec,

Y = transit time in activating zone, sec,

L = circulation time of primary coolant, sec,

Macivation = flowing sodium mass in activating zone, kg,

Mioar = circulating sodium inventory of primary system, kg.

It is noted that the equilibrium sodium activity of Eq (1) is simplified by the reaction rate
multiplied by the sodium mass ratio between flowing sodium in the activating zone and sodium
inventory of the primary system because the primary coolant circulation time is much shorter
than the half-life of the activated sodium isotopes. Eq (1) indicates that the sodium activity is
dependent on the flux level (i.e., reaction rate) and the primary system sodium inventory.
Reference 4 indicates that the calculated specific activity of the CRBRP primary coolant is about
~30 Ci/kg based on the primary system sodium inventory of ~640 MT and the core average flux
level of ~3.6x10™/cm?-sec.

The activating zone in the ABR plant was determined from the radial and axial flux
distributions at the equilibrium cycle shown in Figures 111.4-2 and 111.4-3, respectively. The
fluxes were obtained from the TWODANT calculations using a RZ geometry model: the inside
of the core barrel and in-vessel storage were modeled in detail, but major components outside
core were simplified. It was assumed conservatively that 60 locations of the in-vessel storages
were occupied by the spent fuels. The flux levels of the reflectors and gas plenum are much
smaller than that of the active core, but sufficiently high to activate the sodium. Thus, the
reflector and gas plenum were included into the activating zone. For the conservative estimation
of the dose rate in the reactor building, however, the average core flux of beginning (BOEC) and
end of equilibrium cycle (EOEC) was used as the flux level of the activating zone.

The calculated flowing sodium mass in the activating zone is ~740 kg with the coolant
volume fraction of 36%. The stagnation sodium fraction in the primary system was assumed to
be about 5%, which results in the circulating primary sodium inventory of 1243 MT. The core
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average fluxes and neutron-sodium reaction rates in the activating zone were also obtained from
the TWODANT calculations. Table I11.4-2 provides the estimated sodium activities in the
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Table 111.4-2 Equilibrium Sodium Activities of Primary Sodium

ABR CRBRP [4]
Power rating, MWt 1000 975
Primary sodium inventory, MT 1309 640
Core average flux, 10"°/cm”-sec | 3.3 3.6

Na-24 Na-22 Na-24 Na-22
Volumetric activity, mCi/cm® 9.5 9.3E-4 25.1 1.9E-3
Specific activity, Ci/kg 11.2 1.1E-3 29.6 2.3E-3

primary system of the ABR plant. For comparison, the corresponding values of CRBRP plant are
also provided in Table I11.4-2. Compared to the CRBRP, the flux level of the ABR core is
smaller by 9% and the primary sodium inventory is doubled. As a results, the specific activity of
primary sodium of the ABR core is smaller than that of the CRBRP (11.3 Ci/kg versus 29.6
Ci/kg). The photon dose rate in the reactor building was estimated using a so-called “disc slab
geometry with constant volume source” [5] model shown in Figure 111.4-4.
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Figure 111.4-4 Disc Slab Model for Dose Calculation in Reactor Building
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A disc slab of thickness t contains a uniform volumetric photon source, and it is shielded by a
disc slab of thickness b. The volumetric photon source was obtained form the equilibrium
primary sodium activity of Eq (1). Since the radius of the primary vessel is much larger than the
thickness of biological shield, the problem can be simplified to be infinite slab geometry with a
constant volume source. Then, the photon flux at the center point on the floor of the reactor
building is determined as:

S
—B-E, (,Uzb)
214 , @)

1N

¢

where

Sy= volumetric photon source, /cm*-sec,

B = overall build-up factor in shield,

E; = second order exponential integral function,

M = photon attenuation factor of sodium, /cm,

M2 = effective photon attenuation factor of shield, /cm.

The attenuation factors of the sodium and shielding materials are provided in Table 111.4-3,
and the overall build-up factor was assumed conservatively to be 20 based on the build-up
factors provided in Ref. 6. The calculated radiation dose rates are provided in Table 111.4-4,
including the contribution of the neutron dose rates. It is noted that the neutron dose rate in the
reactor building was estimated using the neutron flux obtained from the TWODANT
calculations. The flux-to-dose conversion factors of the ANSI/ANS-6.1.1-1997 [6] were used to
obtain the dose rate from the calculated photon and neutron fluxes.

Table 111.4- 3 Material Data for Shielding Calculations

Material Attenuation factor, /cm

: : 3

Region (volume fraction) Density, g/cm k/lliz/or 1.37 2.75 MeV
Primary coolant | Sodium 0.85 0.043 0.031
Steel plates Iron 7.86 0.384 0.294
Reactor closure | Steel balls (60%) | 4.72 0.230 0.176

Table 111.4- 4 Radiation Dose Rate on Floor of Reactor Building

Thickness, cm Dose rate (mrem/hr)

Steel Reactor 1.27 MeV 1.37 MeV | 2.75 MeV Neutron | Total
plates closure Photon Photon Photon

0.0 0.0 2.23E+03 1.04E+07 1.43E+07 2.80E-01 | 2.47E+07
0.0 107 2.20E-08 1.64E-04 0.1 N/A® 0.1

7.0 107 1.37E-09 1.02E-05 1.28E-02 N/A 0.01

a) Not available.
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The dose rate on the surface of the primary coolant is significantly high (~2.5E+07 mrem/hr),
but it decreases below the target value of 0.1 mrem/hr by introducing the 107 cm thick biological
shield. The steel plate of 7.0 cm thickness reduces radiation dose rate by 89%, additionally. It is
noted that 2.75 MeV photon emitted from Na-24 is the dominant contributor of the radiation
dose in the reactor building during the reactor operation

[11.4.2 In-Vessel Shielding Analysis

Preliminary in-vessel shielding calculation for the reference 1000 MWt ABR core concept
was performed to estimate the fission power of spent ABR fuels in the in-vessel spent fuel
storage and the neutron irradiation damage of the in-vessel structures. For a conservative
estimation, the recycled equilibrium metal core was used in the in-vessel shielding analysis.
Using the TWODANT transport code, the neutron flux distributions were calculated for the
BOEC and EOEC configurations. A cylindrical-Z geometry model and S15 angular discretization
were used. For neutron damage calculations, 28-group dpa (displacement per atom) cross
sections were generated using the NJOY code based on the ENDF/B-VI data. The time
integrations were evaluated using the average values of BOEC and EOEC fluxes.

In this preliminary analysis, the inside of the core barrel was modeled in details, but only
major components were modeled outside the core barrel. The core barrel is made of SS-316, and
its radius and thickness are 174 cm and 2.54 cm, respectively. The in-vessel spent fuel storage is
located between core barrel and redan for 69 spent fuel assemblies. It was assumed that 60
storage positions were occupied by the ABR spent fuel assemblies. Primary pumps and
intermediate heat exchangers (IHX) are radially located at 490cm from the core center and
elevated to 484 cm from the bottom of reactor. They are modeled by homogeneous mixtures of
SS-316 steel and sodium. The steel volume fractions of the pump and IHX are assumed to be
37.2% and 10.7%, respectively. Direct reactor auxiliary cooling system (DRACS) and other
internal structures were not modeled. The primary vessel is made of SS-316, and its radius and
thickness are about 703 cm and 5.1 cm, respectively. The radius and thickness of the guard
vessel are about 731 cm and 2.5 cm, respectively, and it is made of SS-304.

Table 111.4-5 provides the region-wise power distribution determined from the neutronics
calculations only, in which the gamma energy is locally deposited at the position of its creation.
Most of the power is generated inside the core, but non-negligible amount of power is generated
outside the core. The spent fuel assemblies located in the in-vessel storage generates ~0.1% of
the rated power. The fission power generated by each spent fuel assembly is ~14kW.

The neutron irradiation damage of the in-vessel structures is the loss of ductility and fracture
resistance due to the atom displacement within the material. The dpa is used to measure the
neutron irradiation damage instead of the traditional fluence calculations, since it provides a
simpler correlation with ductility that is generally only material dependent. It is recommended to
ensure that the neutron fluence on the reactor vessel and core support structure during its service
life does not reduce the residual total elongation of the material below 10%. For SS-316, based
on the presently available data, this condition corresponds to ~5 dpa.
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Table 111.4- 5 Region-wise Power Distribution of Reference ABR Design

Inner core Outer core | Spent fuel Other

BOEC |439.8 538.7 0.9 20.5
Power (MW) EOEC | 446.4 533.4 0.8 19.4
Power fraction BOEC |44.0 53.9 0.1 2.1
(%) EOEC | 44.6 53.3 0.1 2.0
Power per BOEC |5.64 5.28 0.01
assembly(MW) EOEC |5.72 5.23 0.01
Peak power BOEC | 394.5 401.8 2.1
density (W/cm®) | EOEC | 375.1 380.7 1.9

The neutron irradiation damages of the in-vessel structures are summarized in Table 111.4-6,
which were calculated for an assumed life time of 30 years with 90% capacity factor. As can be
seen, the peak dpa occurs at core barrel and the dpa of the grid plate is lower that that of the core
barrel. This peak value is 2.44 dpa. The peak fast fluence of the core barrel (6.41x10% n/cm?) is
about 58% of the peak fast fluence of the grid plate of the ABTR design (~1.1x10% n/cm?) [8].
These results suggest that the irradiation damages of grid plate and core barrel are well within the

limits. The irradiation damages of primary vessel and guard vessel appear to be negligible.

Table 111.4- 6 In-Vessel Structure Irradiation Damage

Grid plate | Core barrel Primary Guard
vessel vessel
Fast fluence Average 1.88E+20 | 7.75E+20 | 2.95E+12 1.41E+12
(n/cm?) Peak 1.44E+21 | 6.41E+21 1.55E+13 | 7.31E+12
doa Average 0.13 0.30 5.51E-07 1.18E-07
P Peak 0.99 2.44 2.89E-06 6.14E-07
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1.5 Response during Natural Circulation Transients

The ABR primary system design is configured to provide natural circulation shutdown heat
removal. The capability to remove shutdown decay heat with natural circulation provides a
means to maintain reactor component temperatures at acceptable levels even in the event of loss
of all off-site and emergency on-site power supplies. This section presents a discussion of the
design features that contribute to this capability. A quantitative assessment of ABR emergency
decay heat removal by natural circulation in a protected (i.e., with scram) loss of flow accident
sequence is provided in Section I11.7.

Liquid sodium and its alloys are excellent fluids for natural circulation heat removal because
of their thermo-physical properties. Due primarily to its high thermal conductivity, liquid
sodium is capable of very high convective heat transfer rates, even at the modest fluid velocities
characteristic of natural circulation. This tends to minimize the temperature differences between
the heat source and the fluid, and between the fluid and the heat sink, and to reduce the overall
source-to-sink temperature difference required for natural circulation cooling.

Natural circulation flow arises due to the effect of gravity on a continuous fluid with a
density difference along the elevation. Heavy fluid sinks to displace lighter fluid. Buoyancy-
induced flow can be established when a fluid is heated, decreasing its density, at an axial position
below the elevation at which the fluid is cooled, increasing its density. In a one-dimensional
model, flow occurs when the buoyancy force is great enough to overcome form, friction, and
shear losses. The natural circulation flow rate is regulated by the balance between the buoyancy
force and the flow-related pressure losses. When the buoyancy force is provided by a thermally-
driven density difference, the fluid flow rate will be determined by the fluid properties, the
elevation difference between the heat sink and the heat source, and the temperature difference in
the fluid between the heat source and the heat sink.

In a pool plant, the hot sodium pool is a large configuration. Sodium enters the hot pool at
the radial center and at a vertical location which depends on the upper internals structure (UIS)
design. Sodium leaves the hot pool by gravity flow into the IHX entrances. The locations of the
IHXs determine what volume of the hot-pool sodium is contained between their radial locations
and the center of the hot pool, the remainder being contained between the IHXs and the vertical
thermal barriers. Past calculations indicate that the main part of the steady state flow pattern is
complex in the region between the UIS and the ring of IHXs, especially after a reactor scram
when the temperature of the sodium entering the hot pool can drop by approximately 250°F in a
few seconds. The large diameter of the hot pool produces low velocities as the sodium flows
outward, and the cooler, heavier post-scram sodium drops to the hot pool bottom before reaching
the IHX. Thus only part of the hot pool sodium may be involved in the main flow pattern and
there may be other flow cells in a higher temperature volume. There can also be recirculation
flow patterns between the core and the plena. This, therefore involves the mixing of cold
sodium, leaving the core after a scram, with hot-pool sodium above the core. But the pool plant
has the large, hot-pool sodium volume which can mitigate thermal transients following reactor
scram.

However, the temperature distributions in the large plenums of the reactor tank can be highly
stratified. This means that the sodium temperature in the upper parts of the plenum will not be
lower than the temperature below it. Where sodium flows into a plenum at a temperature higher
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than the local temperature of the plenum, it will rise in the plenum to a higher level where it is
above all sodium having a lower temperature. A similar but opposite effect will occur when the
sodium flows into a plenum at a lower temperature than the local plenum temperature. Even at
full pump flow, the flow velocities in the plenums will be low, and stratification may be an
important phenomenon.

During normal steady state reactor operation, the major plenums will remain essentially
isothermal, with the lower plenum at the reactor inlet temperature and the upper plenum at
reactor outlet temperature. After reactor shutdown, the core outlet temperature may be higher or
lower than normal depending upon whether the flow decay is greater or less than the reactor
power response. A higher outlet temperature due to undercooling of the core will tend to form a
high temperature stratified layer at the upper free surface of the sodium in the top outlet plenum.
A lower reactor outlet temperature due to overcooling of the core will result in cool sodium
flowing into the bottom of the outlet plenum. This lower temperature sodium will then pass into
the IHX inlets after the volume of the lower part of the plenum has been displaced to that exit
level. In this case, the remainder of the upper plenum will remain at its steady state temperature
until its heat is slowly removed by downward conduction and radial and upward heat transfer.
Stratification in the lower plenum of the vessel will not be important when heat is removed by
the normal heat removal path through the intermediate sodium loops and the steam generators.
On the other hand, loss of the intermediate sodium system, or the closing of isolation valves in
that system will cause a rise in the sodium temperature entering the lower plenum. This higher
temperature sodium will stratify at the upper part of this plenum and eventually reach the pump
inlets and the reactor core inlet. The sodium in the lower plenum below the level of the pump
inlets will not be heated (except very slowly by sodium conduction), and will therefore
contribute little to the energy storage ability of the system.

The temperature distribution during reactor shutdown transients will be significantly affected
by the elevations of the entrances and exits to the large plenums. The entrance elevations to the
plenums will have an effect on the convective heads developed by the components feeding the
plenum, but will otherwise have little effect upon the temperature distribution in the plenums. A
low exit from the intermediate heat exchangers to the lower plenum will tend to decrease the
natural convection flow through the core when temperature leaving the heat exchangers is higher
than that in the surrounding space in the plenum. Another similar but positive effect occurs if the
reactor flow passes through “chimneys” between the core and the outlet plenum. The elevation
of a plenum exit will determine the temperature passing into the next component. A low
entrance to the intermediate heat exchangers will receive sodium from that elevation above the
core outlet into the heat exchanger. A higher heat exchanger entrance will considerably affect
the system temperature and flow transient after shutdown, since it will decrease the volume of
hot sodium that can remain stratified at the upper part of the vessel. However, this may not be
practical because of the necessity of keeping this heat exchanger inlet supply below the free
sodium surface. A very low entrance to the primary sodium pumps from near to the bottom of
the primary vessel will delay the entrance of hotter sodium into the reactor core inlet after a
shutdown transient where heat removal by the intermediate heat exchangers is lost. On the other
hand, a low pump inlet may permit the reactor support structure to overheat more in such a
transient, since hot sodium will stratify on its lower surface.

The ABR design is configured to promote natural circulation shutdown heat removal. The
key design parameters are 1) provision for a relatively free-flowing fluid natural circulation path,
and 2) provision for sufficient elevation difference between the heat source and the heat sink. In
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the ABR emergency shutdown heat removal design, there are two natural circulation loops
joined by a heat exchanger. Acting together, these loops remove heat from the reactor to the
ultimate heat sink, atmospheric air.

In the primary coolant circuit, natural circulation flow for shutdown heat removal is
established along the same flow path used for normal operation. Coolant is heated in the reactor,
rises to the hot pool, and flows through the intermediate heat exchangers (IHX) to the cold pool.
In accidents or emergency shutdown conditions in which no heat is removed from the coolant in
the IHXs, heat is removed by multiple, independent heat exchangers in the direct reactor
auxiliary cooling system (DRACS). The DRACS heat exchangers are mounted high in the cold
pool.

Primary coolant chilled in the DRACS heat exchangers falls to near the bottom of the cold
pool, where it travels into the primary coolant pump inlet and back to the reactor. This
completes the primary coolant natural circulation circuit with heat added in the reactor and
removed at the DRACS heat exchangers.

Heat removed from the cold pool at a DRACS heat exchanger is transferred to a second
natural circulation loop. In ABR, the working fluid in this second loop is sodium-potassium
alloy (NaK). The NaK loop carries the heat through piping to a second heat exchanger located at
a high elevation outside the containment building, where the heat is rejected to environmental
air. The relatively low melting point of NaK minimizes the potential for freezing in the
secondary loop.

The ABR DRACS circuits are designed to operate at reduced flow during power operation,
to minimize parasitic heat losses. However, maintaining some flow at all times avoids the high
transient DRACS start-up temperatures that would occur upon natural circulation initiation from
stagnant conditions.
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1.6 Core Performance Analysis

Using ternary metal and mixed oxide fuels, the reference ABR core concepts of 1000 MWt
power rating were developed for the study on future fast rector design options under GNEP. The
design description and core performance characteristics of the reference ABR core were
discussed in Section I1.1.1. Compact core concepts of medium TRU conversion ratio were
developed by trade-off between the burnup reactivity loss and TRU conversion ratio. The burnup
reactivity loss over a one-year cycle length was constrained to ~3.5% Ak in order to achieve a
sufficient shutdown margin with a reasonable number of primary control assemblies that can be
accommodated in a compact core and to limit a single assembly reactivity fault less than ~0.7$.
The resulting TRU conversion ratio was ~0.8 for the startup core with weapons-grade plutonium
feed and ~0.7 for the TRU recycled equilibrium core.

Using these reference ABR core concepts, sensitivity studies were performed to assess the
impacts of low and high TRU conversion ratios on core design and performance parameters.
Within the reference core configuration and assembly size, the intra-assembly design parameters
and active core layout were varied to achieve a low or high TRU conversion ratio. As in the
reference core concepts, the same assembly size was used for all core concepts in order to allow
the interchange between metal and oxide fuel assemblies.

The TRU conversion ratio is inversely proportional to the TRU enrichment. To achieve a low
conversion ratio, therefore, the TRU enrichment should be increased significantly from those of
the reference medium conversion ratio designs, which in turn requires a significant decrease in
fuel volume fraction. On the other hand, to meet the constraints on the burnup reactivity swing
and the single assembly reactivity fault, the cycle length needs to be reduced. Based on the
results of a parametric study performed with varying fuel volume fraction, TRU enrichment, and
number of fuel batches, low conversion ratio metal and oxide cores were developed with a
reduced cycle length. As an alternative design approach to achieve a low TRU conversion ratio
without sacrificing the reference cycle length of one year, the use of fixed absorber was also
investigated.

For the high conversion ratio core, the active core arrangement was modified while retaining
the overall core configuration. Three design options were investigated: homogeneous core
without blanket, homogeneous core with radial blankets, and heterogeneous core with internal
and radial blankets. In the first case, the reference core layout was retained, and only the intra-
assembly design parameters and fuel management scheme were varied to increase the conversion
ratios. For the second and third cases, a fraction of driver assemblies were replaced with blanket
assemblies in addition to the changes in the driver assembly design and fuel management
scheme.

Reactor performances were evaluated for the recycled equilibrium cores using the TRU
recovered from the ABR spent fuel as the primary TRU feed and the TRU recovered from the
LWR spent fuel as the makeup TRU feed. Fuel cycle performance parameters and reactivity
feedback coefficients were calculated in detail. The maximum single assembly reactivity fault,
reactivity control requirements and shutdown margins were also evaluated. The quasi-state
reactivity balance analysis was also performed to estimate the passive safety features.

The thermal margins of the low and high TRU conversion ratio cores were evaluated by
comparing the peak liner power to the linear power limit. The peak liner power was determined
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from simple thermal-hydraulic calculations based on a single channel model. The coolant inlet
and bulk outlet temperatures were 355 °C and 510 °C, respectively. The average flow rate was
determined such that the coolant temperature rise across the core is 155 °C. A chopped cosine
shape was assumed for the axial power distribution. Hot channel factors of 2.10, 1.19, 1.48 and
1.26 [1] were used for the film, cladding, gap and coolant regions, respectively. The linear power
limit was determined such that the peak fuel centerline temperature is lower than the fuel melting
temperature. For metal fuel, linear power was additionally limited such that the peak fuel-clad
interface temperature is lower than the fuel cladding eutectic temperature of 650°C.

[11.6.1 Low Conversion Ratio Core Concepts

111.6.1.1 Feasible Design Domain of Low Conversion Ratio Cores

Using the reference ABR core concepts, a feasible design domain was investigated to
determine the appropriate design parameters for a wide range of low TRU conversion ratios. By
varying the intra-assembly design parameters (i.e., volume factions), the TRU enrichment, and
the number of fuel batches, a feasible domain of fuel volume fraction and cycle length was
determined such that the core satisfies two design constraints on the maximum burnup reactivity
loss and the peak fast fluence of HT9 cladding. The maximum burnup reactivity loss was limited
to ~3.5% Ak in order to limit the maximum single rod reactivity fault to 0.7$ for 15 primary
assemblies. The peak fast fluence limit of HT9 cladding was assumed ~4x10% n/cm?®. Although
additional design constraints on the thermal margin, peak discharge burnup, etc., are expected to
reduce the feasible design domain, those were not employed to determine the feasible design
domain. For the metal core case, the weight fraction of Zr in the ternary metal fuel was fixed as
10% without considering the thermal conductivity changes with increasing TRU enrichment.

For different TRU enrichments and fuel volume fractions, the cycle lengths were determined
such that k-effective value at the end of equilibrium cycle is 1.0. The impacts of the fuel
management scheme were also investigated by varying the number of fuel batches. Since four
and five batch fuel management schemes were adopted for the reference metal and oxide cores,
respectively, four and six batch schemes were considered for the metal core, and five and seven
batch schemes were considered for the oxide core. Figures 111.6-1 and 111.6-2 provide the contour
plots for three core performance parameters of the recycled equilibrium cores: TRU conversion
ratio (CRtru), k-effective at the beginning of equilibrium cycle (kgoec), and peak fast fluence
(PFF). In these figures, the solid contour lines denotes the results obtained from the lower
number of batch schemes, while the dotted contour lines for the higher number of batch schemes.

For a fixed cycle length, the TRU conversion ratio decreases as the fuel volume fraction
decreases, but the burnup reactivity loss (i.e., ksoec) increases. The peak fast fluence increases
with increasing cycle length, but it is almost independent of the fuel volume fraction. For a fixed
TRU conversion ratio, the cycle length is proportional to the fuel volume fraction. As can be
seen, the maximum achievable cycle length is determined by the burnup reactivity loss limit for
lower TRU conversion ratios (less than ~0.5), while it is determined by the peak fast fluence
limit for higher TRU conversion ratios (greater than ~0.5). When the number of batches is
increased, the contour lines of kgoec and TRU conversion ratio are shifted in the direction of
higher fuel volume fraction and shorter cycle length, and the peak fast fluence contour lines of
are shifted in the direction of shorter cycle length.
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The feasible design domains of fuel volume fraction and cycle length were determined from
these contour plots. Figures 111.6-3 and 111.6-4 show the feasible design domains for the metal
and oxide cores, respectively. The lower regions of the bold solid lines denote the feasible design
domains and the reference 1000 MWt ABR cores are also indicated in these figures for
comparison. It is noted that the reference metal core design is located at the boundary of feasible
domain, while the reference oxide core design is located inside the feasible domain. This
indicates that the cycle length of the the reference oxide core can be increased somewhat within
the peak fast fluence limit while maintaining the medium TRU conversion ratio. Figures 111.6-3
and 111.6-4 indicate that the TRU conversion ratio of reference metal and oxide cores could be
reduced to ~0.6 by reducing the fuel volume fractions without changing the cycle length of one-
year. In order to reduce the TRU conversion ratio further, it is necessary to reduce the cycle

500

R TRU:O-sb CR TRU=0.7’5'
TRU=33%) (FTRU=21%)

Conversion ratio
contour lines
solid = 4-batch core
dotted = 6-batch core

(EfTRU=54%6)

400

. Reference core

feasible boundary o
4-batch core

300

feasible boundary of
6-batch core

200

Cycle length (EFPD)

100 -

5 10 15 20 25 30 35 40
Fuel volume fraction (%)

Figure 111.6-3 Feasible Design Domain of Low Conversion Ratio Metal Core

238



500

Conversion ratio CRyry=0.23 CRy=047 CRrry=0.70
contour lines (ETRU=61%) (Erru=39%) (Evru=27%)
solid = 5-batch core
dotted = 7-batch core

400 +

bﬁu

‘\'\eference core

asHIt€ domain
ndary of 5-batch

300 -

feasible domain
boundary of 7-batch

200 1

Cycle length (EFPD)

100 4

10 15 20 25 30 35 40 45
Fuel volume fraction (%)

Figure 111.6-4 Feasible Design Domain of Low Conversion Ratio Oxide Core

length. Otherwise, more control assemblies should be employed to increase the burnup reactivity
loss limit or the power density should be reduced by increasing the core size. The feasible design
domain is reduced with increasing number of batches mainly because of increased fast fluence.
For low TRU conversion ratio cores, there exists a sufficient margin to the peak fast fluence
limit, and hence the number of batches can be increased to increases the discharge burnup.

111.6.1.2 Low Conversion Ratio Cores

TRU conversion ratio is inversely proportional to TRU enrichment. To achieve a low TRU
conversion ratio, therefore, the TRU enrichment should be increased significantly from the
reference core design, which in turn requires a significant decease in fuel volume fraction. As in
the reference ABR design, the maximum burnup reactivity loss was constrained to ~3.5% Ak in
order to limit the maximum single rod reactivity fault to 0.7$, and the peak fast fluence limit of
HT9 cladding was assumed at 4x10% n/cm®. The feasible design domains determined by
employing these two design constraints indicate that the TRU conversion ratio of both metal and
oxide cores could be reduced to ~0.6 for a one-year cycle length by reducing the fuel volume
fractions. However, to achieve further lower TRU conversion ratio, it was necessary to reduce
the cycle length.

Based on these observations, metal and oxide fuel assembly designs and fuel management
schemes were determined to achieve a low TRU conversion ratio. The fuel volume fraction was
reduced by decreasing the fuel pin diameter and increasing the number of fuel pins per assembly.
Because of the resulting large pin pitch-to-diameter ratio, grid spacers were assumed instead of
wire-wrap spacers. For the U-TRU-Zr metal fuel, the Zr mass fraction was raised to 20% from
10% in order to compensate for the decreased thermal conductivity with increasing TRU
enrichment. The active core height was also increased to reduce the peak linear power so that
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sufficient margins to fuel melting or fuel-cladding eutectic temperature could be achieved with
increased TRU enrichment. Since there exists a sufficient margin to the peak fast fluence limit
for low TRU conversion ratio cores as indicated in the feasible design domain, the number of
batches was increased to eight for the metal core and nine for the oxide core. Table I11.6-1
provides the driver assembly design parameters of the low TRU conversion ratio core concepts.

Table 111.6-1 Assembly Design Parameters of Low Conversion Ratio Cores

Metal Oxide
Assembly data
- Number of pins 324 324
- Structural pins 7 7
- Spacer type Grid Grid
- Assembly pitch, cm 16.142 16.142
- Inter-assembly gap, cm 0.432 0.432
- Duct material HT9 HT9
- Duct thickness, cm 0.394 0.394
- Overall duct length, cm 477.5 477.5
Pin data
- Pin material and type U-TRU-Zr MOX
- Bond material Na He
- Overall pin length, cm 387.4 381.00
- Active core height, cm 109.2 106.7
- Pellet smeared density, % TD 75.0 85.0
- Pellet diameter, cm 0.372 0.415
- Cladding material HT9 HT9
- Clad outer diameter, cm 0.550 0.540
- Pin pitch-to-diameter ratio 1.590 1.617
- Cladding thickness, cm 0.060 0.057
- Wire wrap diameter, cm - -
Volume fraction at cold, %
- Fuel or Absorber 15.6 19.4
- Bond 5.7 1.5
- Structure 22.8 22.0
- Coolant 55.9 57.1

Compared to the reference core concepts, the fuel volume fraction is reduced to 15.6% for
the metal core and 19.4 % for the oxide core. The number of fuel pins is increased to 324 from
271 to reduce the peak linear power, and seven structural pins are introduced to support and
space the grids. The fuel pin diameter is reduced to 5.5 mm for metal fuel and 5.4 mm for oxide
fuel. The active core height of the metal core was increased by 34% to reduce the peak linear
power, whereas the reference height is maintained for the oxide core.

Table 111.6-2 summarizes the key core performance parameters of the low TRU conversion
ratio cores obtained from REBUS-3 equilibrium cycle analyses. For both the metal and oxide
cores, the TRU conversion ratio is decreased to ~0.22. To limit the burnup reactivity swing
within ~3.5% Ak, however, the cycle length is reduced to 6.6 months for the metal core and 7.1
months for the oxide core. Even with the reduced cycle length, the increased number of batches
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increases the fuel residence time from 48 to ~53 months for the metal core and from 60 to ~64
months. The required TRU enrichment is 58.5% for the metal core and 61.3% for the oxide core,
which are beyond the current irradiation experiences (28.9% of the metal fuel in EBR-I1 [2] and
33% of the oxide fuel [3]). Compared to the reference cores, the heavy metal inventory is
reduced to 7.1 MT for the metal core and 6.7 MT for the oxide core. The increased active core
height of the metal core reduces the power density from 303 kW/I to 225 kW/I, while the oxide
core power density is not changed. The increased residence time and the reduced heavy metal
loading increase the average discharge burnup from 93 to 185 MWd/kg for the metal core and
from 111 to 226 MWd/kg for the oxide core.

Table 111.6-2 Key Core Performance Parameters of Low Conversion Ratio Cores

Metal Oxide

Cycle length, month 6.6 7.1

Number of batches 8 9

Average TRU enrichment, % 58.5 61.3
Fissile/TRU conversion ratio 0.50/0.22 0.52/0.22
HM/TRU inventory at BOEC, MT 7.1/3.9 6.7/3.9
Discharge burnup (ave/peak), MWd/kg 185/278 226/ 339
Specific power density (kW/kg) 132.4 135.6
Average core power density , KW/I 225 231
Peak discharge fast fluence, 10°%/cm? 3.74 3.92
Burnup reactivity loss, %Ak 3.4 3.6
Average linear power, KW/m 14.5 15.7
Peak linear power density, kW/m 25.8 28.4
Linear power density limit, kW/m 25.9 36.7
Core average flux, 10™°/cm?-sec 3.32 3.13
Fast flux fraction, > 0.1MeV 0.63 0.59
TRU consumption rate, kg/year 241.3 250.3

The peak linear power is reduced due to the increased number of fuel pins and increased
active core height. Nevertheless, the margin to the linear power limit is reduced because of the
reduced linear power limit. In particular, the linear power limit of the metal core is reduced
significantly since both thermal conductivity and melting temperature decrease with increasing
TRU enrichment.

The fast flux fraction of the metal core is reduced from 0.68 to 0.63 because of the increased
coolant volume fraction. On the other hand, the neutron spectrum of the oxide core becomes
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slightly harder since the reduced slowing down by oxygen due to reduced fuel volume fraction
dominates the increased slowing down by sodium due to the increased coolant volume fraction.
The reduced TRU conversion ratio increases the TRU consumption rate from 81.6 to 241.3
kg/year for the metal core and from 86.5 to 250.3 kg/year for the oxide core.

Table 111.6-3 presents the kinetics parameters and reactivity coefficients calculated for the
low TRU conversion ratio core configurations at the beginning of equilibrium cycle (BOEC) and
the end of equilibrium cycle (EOEC). In these calculations, the primary control assemblies were
positioned at critical locations and the secondary control assemblies were positioned at the top of
the active core. At BOEC, the critical position of the primary control assemblies is 84 cm from

the bottom of the active core for the metal core and 75 cm for the oxide core.

Table 111.6-3 Kinetics Parameters and Reactivity Coefficients of Low Conversion Ratio

Cores
Metal Oxide
BOEC EOEC BOEC EOEC
Effective delayed neutron fraction 0.00263 0.00264 0.00262 0.000264
Prompt neutron lifetime, ps 0.52 0.54 0.56 0.59
Radial expansion coefficient, ¢/°C -0.54 -0.53 -0.50 -0.48
Axial expansion coefficient, ¢/°C -0.10 -0.10 -0.08 -0.09
Fuel density coefficient, ¢/°C -1.01 -0.97 -0.69 -0.64
Structure density coefficient, ¢/°C 0.09 0.09 0.08 0.09
Sodium density coefficient, ¢/°C 0.30 0.32 0.24 0.26
Doppler constant, $ -0.45 -0.48 -0.58 -0.61
Doppler coefficient, ¢/°C -0.08 -0.08 -0.07 -0.07
’S:t)/(ilgm voided Doppler coefficient -0.04 -0.04 .0.04 -0.04

The kinetic parameters and reactivity coefficients of the low conversion ratio cores are
significantly different from those of the reference cores because of the increased TRU
enrichment and coolant volume fraction. The increased TRU enrichment reduces the U-238
fraction proportionally, and hence the effective delayed neutron fraction decreases by ~19% for
the metal core and by ~15% for the oxide core. The increased scattering to absorption ratio due
to the reduced heavy metal loading and increased coolant volume fraction increases the prompt
neutron lifetime by ~60% for the metal core and by ~36% for the oxide core. The uniform radial
and axial expansion coefficients become more negative since the leakage increases with
decreasing fuel volume fraction. The sodium void worth becomes more positive because of the
increased coolant volume fraction. The Doppler constant of the oxide core becomes ~48% less
negative due to the significantly reduced amount of U-238 and the slightly hardened spectrum.
For the metal core, the Doppler constant becomes ~18% less negative because of the combined
effects of the reduced amount of U-238 and the softened spectrum.

The integral reactivity parameters for the quasi-static reactivity balance [4] are presented in
Table 111.6-4. Compared to the reference cores, the transient overpower initiator is increased for
both the metal and oxide cores, as a result of increased burnup reactivity loss. As in the reference
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core, the integral reactivity parameters of the metal core satisfy all the three sufficient conditions
for acceptable asymptotic core outlet temperatures for possible unprotected accident scenarios
(loss of flow, loss of heat sink, transient overpower, etc). The reference oxide core does not meet
the passive safety condition for the unprotected loss of flow accident (A/B < 1) because of the
large power coefficient (A) due to high fuel temperature and large Doppler constant. However,
the less negative Doppler coefficient of the low conversion ratio design yields a less negative
power coefficient (A) and a more negative power/flow coefficient (B). As a result, the passive
safety condition for the unprotected loss of flow accident is satisfied. These results indicate that
the low conversion ratio core concepts have favorable passive safety features, although detailed
safety analyses are required to verify passive safety behavior.

Table 111.6-4 Integral Reactivity Parameters of Low Conversion Ratio Cores

Metal Oxide
BOEC EOEC BOEC EOEC

A, power coefficient (¢) -11.1 -11.7 -35.7 -37.5
B, power/flow coefficient (¢) -86.9 -65.8 -83.7 -62.7
C, c|>nlet temperature coefficient .0.68 053 -0.66 051
(¢/°C)
Transient overpower initiator, Ap 67 0.0 0.73 0.0
$)

A/B<1.0 0.13 0.18 0.43 0.60
Sufficient 10<CAT/B 1.21 1.25 1.22 1.27
conditions for <20
passive safety

Ap o é Bl < 0.77 0.00 0.87 0.00

The evaluated shutdown margin is presented in Tables 111.6-5 and 111.6-6 for the primary and
secondary control systems, respectively. It is noted that the total control assembly worth is
significantly larger in the low conversion ratio cores than in the reference cores because of the
softer neutron spectrum for the metal core and the increased flux level for the oxide core. This is
in part due to the reduced effective delayed neutron fraction. The minimum shutdown margin of
the primary system is ~48$ for the metal core and ~41$ for the oxide cores. The minimum
shutdown margin of the secondary control system is ~10$ for the metal core and ~8$ for oxide
core. These shutdown margins are more than adequate. In the low TRU conversion ratio metal
core, the calculated control-rod driveline expansion coefficient is 65 ¢/cm at BOEC and 35 ¢/cm
at EOEC. For the oxide core, the coefficient is 63 ¢/cm at BOEC and 33 ¢/cm at EOEC.
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Table 111.6-5 Shutdown Margin of Primary Control System for Low Conversion Ratio

Cores
Metal Oxide

BOEC EOEC BOEC EOEC
Number of control assemblies 15 15 15 15
Total worth, $ 74.8 77.3 67.7 69.9
Worth with one stuck 67.7 69.9 60.8 62.8
assembly, $
Reactivity control 19.3 3.7 19.6 3.9
requirement, $
- Temperature defect 1.04 0.99 1.22 1.18
- Burnup reactivity loss 12.3 13.2
- Fuel axial growth (5%) 0.94
- Overpower margin (3%) 0.01 0.01 0.02 0.02
- Reactivity fault 0.67 0.73
- Uncertainties (RMS) 2.54 1.43 2.64 1.43
- Other margin 1.80 1.30 1.80 1.30
Shutdown margin, $ 48.4 66.2 41.2 58.9

Table 111.6-6 Shutdown Margin of Secondary Control System for Low Conversion Ratio

Cores
Metal Oxide

BOEC EOEC BOEC EOEC
Number of control assemblies 4 4 4 4
Total worth, $ 15.2 16.1 13.1 14.0
Worth with one stuck assembly, $ 11.0 11.7 9.4 10.1
Control requirement, $ 1.37 1.31 1.65 1.60
- Temperature defect 1.04 0.99 1.22 1.18
- Overpower margin (30%) 0.12 0.12 0.19 0.18
- Temp defect uncertainty (20%) 0.21 0.20 0.24 0.24
Shutdown margin, $ 9.6 10.4 7.7 8.5
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111.6.1.3 Impacts of Fixed Absorber

As discussed in the previous section, within the reference core configuration and burnup
reactivity loss limit of ~3.5% Ak, a low TRU conversion ratio of ~0.22 can be achieved only
with reducing the cycle length to six to seven months. As an alternative design approach to
achieving a low TRU conversion ratio without sacrificing the reference cycle length of one year,
the use of fixed absorber (FA) was investigated. The rationale is to decrease the effective fuel
volume fraction in the core by replacing a fraction of fuel pins with absorber rods. The reduced
fuel volume fraction and the residual reactivity penalty at EOEC of partially depleted absorber
rods would increase the TRU enrichment to maintain the criticality for a fixed cycle length,
which in turn would reduce the TRU conversion ratio.

By introducing B4C rods into every driver assembly, the impacts of a fixed absorber on the
core performance and reactivity coefficients were evaluated. All the other core and assembly
design parameters of the reference ABR core designs were retained, except for those described
below. Based on preliminary trade-off studies between the burnup reactivity swing and
conversion ratio, 13 and 7 fuel pins of each driver assembly were replaced with 90% enriched
B4C rods for the metal and oxide fuel core, respectively. The TRU enrichment was re-
determined to achieve the one-year cycle length of the reference designs. The Zr mass fraction in
the ternary metal fuel was raised to 20% to compensate for the decreasing thermal conductivity
of ternary metal fuel with increasing TRU fraction. To meet the imposed thermal design criteria,
the active core height was increased to 96.5 cm for the metal core and to 111.8 cm for the oxide
core.

The key design and performance parameters of the reference metal and oxide cores with B,C
absorber are compared in Table 111.6-7. In the metal core, the heavy metal inventory is reduced
because the fuel rods are replaced with absorber rods and Zr fraction is increased. The reduced
heavy metal inventory and the residual reactivity penalty at EOEC of absorber rods increase the
TRU enrichment from 22% to 43% to achieve the fixed cycle length of one year. The increased
TRU enrichment decreases the TRU conversion ratio to 0.30 from 0.73, with an increased
reactivity loss from 2.2 %Ak to 3.0 % Ak, which is within the targeted value. The reduced heavy
metal inventory also increases the specific power density to 83.5 kW/kg and the discharge
burnup to 107 MWd/kg.

In the oxide core, the increased active core height increases the heavy metal inventory
slightly although seven fuel rods are replaced by absorber rods in every driver assembly. As a
result, the specific power density and discharge burnup are slightly reduced relative to the
reference oxide core. However, the residual reactivity penalty at EOEC of absorber rods
increases the TRU enrichment from 27.1% to 38.1%. As a result, the TRU conversion ratio is
reduced to 0.43 from 0.71, although the burnup reactivity loss is decreased to 1.8 % Ak from 2.0
%AK.

The fractional burnup of B-10 is 47% in the oxide core versus 37% in the metal core. The
introduction of fixed absorber increases the fast flux fraction from 0.68 to 0.73 for the metal core
and from 0.58 to 0.64 for the oxide core. The reduced TRU conversion ratio increases the TRU
consumption rate from 81.6 to 221.1 kg/year for the metal core and from 86.5 to 176.8 kg/year
for the oxide cores.

The kinetics parameters and reactivity coefficients of the fixed absorber bearing cores are
provided in Table 111.6-8. Compared to the reference ABR cores without absorber rods, the
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effective delayed neutron fraction is reduced by ~20% because of the reduced U-238 fraction.
The prompt neutron lifetime is reduced by ~40% due to the increased absorption by absorber
rods. The thermal expansion coefficients are increased slightly because of the reduced fuel
volume fraction that increases the leakage. The hardened spectrum and increased TRU
enrichment result in more negative fuel density effect coefficient. The sodium void worth
becomes more positive because of the hardened spectrum. Due to the hardened spectrum, the
magnitude of the Doppler constant is reduced by ~5 times for the metal core and by ~4 times for
the oxide core.

Table 111.6-7 Core Performance Parameters of Low Conversion Ratio Cores with Fixed

Absorber
Metal Oxide
Make up TRU Feed LWR-SNF | LWR-SNF
Cycle length, month 12 12
Number of batches 4 5
Active core height, cm 96.5 111.8
Average TRU enrichment, % 43.1 38.1
Fissile/TRU conversion ratio 0.53/0.30 0.65/0.43
HM/TRU inventory at BOEC, MT 11.5/4.7 13.7/5.1
Discharge burnup (ave/peak), MWd/kg 107/174 110/175
Specific power density (kW/kg) 83.5 69.9
Average core power density at cold, kKW/I 255 231
Peak discharge fast fluence, 10%%/cm? 3.35 3.17
Burnup reactivity loss, %Ak 3.0 1.8
Power peaking factor (BOEC/EOEC) 1.65/1.61 1.60/1.57
Average linear power, kW/m 19.8 18.0
Peak linear power density, KW/m 37.0 32.8
Linear power density limit, KW/m 38.2 40.0
Core average flux, 10*°/cm?-sec 2.57 2.19
Fast flux fraction 0.73 0.64
B-10 depletion, % 37 47
TRU consumption rate, kg/year 221.1 176.8

To evaluate the passive safety features, the integral reactivity parameters for the quasi-static
reactivity balance analysis were estimated and presented in Table I11.6-9. For both the metal and
oxide cores, the passive safety condition for the unprotected transient overpower accident is not
satisfied because of the increased transient overpower initiator or reduced power/flow
coefficient. Further study needs to be performed to determine the minimum conversion ratio that
can be achieved while satisfying the sufficient conditions for acceptable asymptotic core outlet
temperatures for possible unprotected accident scenarios.
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Table 111.6-8 Kinetics Parameters and Reactivity Coefficients of Low Conversion Ratio
Cores with Fixed Absorber

Metal Oxide
BOEC EOEC BOEC EOEC
Beff 0.00265 0.00267 0.00276 0.00277
Prompt neutron lifetime, ps 0.19 0.21 0.23 0.25
Raodlal expansion coefficient, 041 -0.40 .0.31 .0.31
¢/°C
,:})()(gl expansion coefficient, .0.07 .0.08 -0.06 -0.06
Fuel density coefficient, ¢/°C -1.05 -1.01 -0.62 -0.59
Stgucture density coefficient, 0.12 0.12 0.11 011
¢/°C
gﬁ%um density coefficient, 0.33 0.34 0.96 0.97
Doppler constant, $ -0.11 -0.13 -0.29 -0.34
Doppler coefficient, ¢/°C -0.02 -0.02 -0.03 -0.04

Table 111.6-9 Integral Reactivity Parameters of Low Conversion Ratio Cores with Fixed

Absorber
Metal Oxide
BOEC EOEC BOEC EOEC

A, power coefficient (¢) -2.96 -3.58 -14.8 -17.3
B, power/flow coefficient (¢) -50.2 -36.5 -35.0 -28.2
C, inlet temperature coefficient .0.34 L0.95 -0.24 -0.20
(¢/°C) ' '
Transient overpower initiator,
A $) 0.60 0.0 0.40 0.0

P 1op
Sufficient A/B<1.0 0.06 0.10 0.42 0.61
?onditions 1.0<CAT,/B<20 1.06 1.06 1.07 1.09
or
passive Ap1op/IB| < 1.0 1.20 0.0 1.14 0.00
safety
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[11.6.2 High Conversion Ratio Core Concepts

Feasibility studies were also performed to convert the reference core designs into a break-
even or breeder core within the reference core configuration and assembly size. While retaining
the overall core configuration, only the active core arrangement was modified. Three design
options were investigated: homogeneous core with no blanket, homogeneous core with radial
blankets, and heterogeneous core with internal and radial blankets. In the first case, the reference
core layout was retained, and only the intra-assembly design parameters and fuel management
scheme were varied to increase the TRU conversion ratio. For the second and third cases, a
fraction of driver assemblies were replaced with blanket assemblies in addition to the changes in
the driver assembly design and fuel management scheme.

Parametric studies were performed to determine assembly designs and core arrangements
that yield the higher TRU conversion ratios within the thermal and material related design
constraints. The resulting radial core layouts for the homogeneous core with radial blankets and
the heterogeneous core with internal and radial blankets are shown in Figures 111.6-5 and 111.6-6,
respectively. In both the homogeneous and heterogeneous cores, 30 driver assemblies at the core
periphery are replaced with blanket assemblies. For the heterogeneous core configuration, 42
internal driver assemblies are additionally replaced with blanket assemblies. Consequently, the
homogeneous core with radial blankets consists of 150 drivers and 30 radial blankets, and the
heterogeneous core is composed of 108 drivers, 42 internal blankets and 30 radial blankets. In
order to allow the interchange of metal and oxide fuel assemblies, the same core layout is used
for both metal and oxide cores. It is noted that the metal and oxide cores would have different
optimum core layouts. For example, the S-PRSIM design [3] employs different core layouts for
metal and oxide cores; the metal core consists of 138 drivers, 49 internal blankets and 48 radial
blankets, and the oxide core is composed of 162 drivers, 73 internal blankets and 60 radial
blankets. It can be noticed that the planar area of the oxide core is 25% bigger than that of the
metal core.
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‘ Radial blanket (30)

‘ Reflector (114)

G Primary control (15)

e Secondary control (4)

‘ Shield (66)

Total (379)

‘ Inner blanket (42)
‘ Radial blanket (30)
‘ Reflector (114)
G Primary control (15)

e Secondary control (4)

‘ Shield (66)

Total (379)

Figure 111.6-6 High Conversion Ratio Core Layout with Internal and Radial Blankets
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The driver and blanket design parameters are summarized in Tables 111.6-10 and 111.6-11,
respectively. The driver and blanket design parameters of the breakeven S-PRISM cores are also
included for comparison. To reduce the required TRU enrichment, the heavy metal loading is
increased by increasing the fuel pin diameter and active core height. Relative to the reference
design, the fuel pin diameter is increased from 7.55 mm to 8.08 mm. The thicker pin diameter
increases the fuel volume is increased from 29.2% to 34.3% for the metal fuel driver and from
37% to 41.7% for the oxide fuel driver. The active core height is increased from 81.3 cm to 96.5
cm for the metal core, and from 106.7 cm to 132.1 cm for the oxide core. It is noted that the
active core height is shorter than that of the S-PRISM drivers while the overall assembly length
is the same. The blanket assembly designs are similar to the S-PRISM blanket assemblies. U-Zr
binary metal and uranium oxide fuels with depleted uranium are assumed. The blanket assembly
is composed of 127 fuel pins of 1.02 cm diameter. The fuel volume fraction is 44.6% for the
metal core and 51.1% for oxide core.

The core performance parameters of the high TRU conversion ratio cores are summarized in
Tables 111.6-12 and 111.6-13 for the metal and oxide cores, respectively. The one-year cycle
length of the reference core designs is retained, but the number of batches is changed to
maximize the discharge burnup within the peak fast fluence limit of the HT9 cladding. In the
metal core, four- and six-batch fuel management schemes are used for driver and blanket
assemblies, respectively. For the oxide core, six- and nine-batch schemes are used for driver and
blanket assemblies, respectively.
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Table 111.6-10 Driver Assembly Design Parameters of High Conversion Ratio Cores

Metal Core Oxide Core
High | 5 pRriSMm High | 5 pRISM
Conversion Conversion
Assembly data
- Number of pins 271 271 271 217
- Assembly pitch, cm 16.142 16.142 16.142 16.142
- Inter-assembly gap, cm 0.432 0.432 0.432 0.432
- Duct material HT9 HT9 HT9 HT9
- Duct thickness, cm 0.394 0.394 0.394 0.394
- Overall duct length, cm 477.52 477.52 477.52 477.52
Pin data
- Bond material Na Na He He
- Lower reflector, cm 111.8 111.8 111.8 96.5
- Active core height, cm 96.5 101.6 132.1 137.2
- Gas plenum, cm 144.9 1911 167.6 170.8
- Pellet smeared density, % TD 75.0 75.0 85.0 85.0
- Clad outer diameter, cm 0.808 0.744 0.794 0.851
- Pin pitch-to-diameter ratio 1.106 N/A 1.120 N/A
- Cladding thickness, cm 0.056 0.056 0.056 0.064
- Wire wrap diameter, cm 0.081 0.142 0.094 0.140
Volume fraction at cold, %
- Fuel or Absorber 34.3 28.3 41.7 37.6
- Bond 114 9.4 2.2 2.0
- Structure 25.8 25.7 25.7 25.9
- Coolant 28.5 36.6 30.4 34.6

As shown in Table 111.6-12, breakeven fissile and TRU conversion ratios can be achieved in
the metal fuel core without a blanket. Relative to the reference core design, the required TRU
enrichment is reduced to 14.4% from 22.1%, and the heavy metal loading is increased from 13.2
MT to 18.5 MT. The increased heavy metal loading reduces the average discharge burnup from
93 to 67 MWd/kg. Since the fissile conversion ratio is almost unity, the burnup reactivity swing
is significantly reduced from 2.2% to 0.6%. The replacement of 30 drivers at the core periphery
with blanket assemblies (as in Figure 111.6-5) increases the fissile and TRU conversion ratios
further without a noticeable change in TRU enrichment; the fissile and TRU conversion ratios
are 1.03 and 1.07, respectively. Relative to the homogeneous core without a blanket, the average
discharge burnup of driver assemblies is increased to 77 MWd/kg due to the reduced number of
drivers. Additional replacement of 42 internal drivers with blankets as in Figure 111.6-6 increases
the fissile and TRU conversion ratios to 1.07 and 1.12, respectively. The TRU enrichment is
19.3%, and the average discharge burnup of driver assemblies is 92 MWd/kg.
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Table 111.6-11 Blanket Assembly Design Parameters of High Conversion Ratio Cores

High Conversion Core S-PRISM
Metal Oxide Metal Oxide
Assembly data
- Number of pins 127 127 127 127
- Assembly pitch, cm 16.142 16.142 16.142 16.142
- Inter-assembly gap, cm 0.432 0.432 0.432 0.432
- Duct material HT9 HT9 HT9 HT9
- Duct thickness, cm 0.394 0.394 0.394 0.394
- Overall duct length, cm 477.52 477.52 477.52 477.52
Pin data
- Fuel material U-Zr metal UO, | U-Zr metal uo,
- Bond material Na He Na He
- Pellet smeared density, % TD 85.0 87.0 85.0 93.0
- Clad outer diameter, cm 1.201 1.201 1.201 1.201
- Pin pitch-to-diameter ratio 1.083 1.083 N/A N/A
- Cladding thickness, cm 0.056 0.056 0.056 0.056
- Wire wrap diameter, cm 1.300 0.094 1.300 0.094
Volume fraction at cold, %
- Fuel or Absorber 44.6 51.1 44.6 51.2
- Bond 7.8 1.3 7.9 1.3
- Structure 21.0 21.0 21.0 21.0
- Coolant 26.6 26.6 26.5 26.5

The results in Table 111.6-13 for the oxide cores show similar trends for the metal cores. For a
given core layout, however, the oxide core requires a higher TRU enrichment than the metal
core. As a result, the fissile and TRU conversion ratios are lower than those of the metal core. On
the other hand, the average discharge burnup is significantly higher since the low flux level and
softer spectrum allow an increased fuel residence time.

The key performance parameters of the S-PRISM designs [3] are also included in these tables
for comparison. By comparing the S-PRISM designs with the heterogeneous designs with radial
and internal blankets, it can be seen that the heavy metal loading of the S-PRISM cores is ~27%
larger for metal core and ~70% larger for oxide core. It is noted that the S-PRISM core volume is
~37% bigger for metal core and ~70% bigger for oxide core. Despite the significantly higher
heavy metal loading, however, the TRU enrichment is higher both for metal and oxide cores. The
fissile conversion ratio of the S-PRISM designs is lower for metal core and slightly higher for
oxide core. On the other hand, the cycle length is significantly longer (~80% for metal core and
~88% for oxide core). The ratio of peak fast fluence to average discharge burnup is ~20% lower
for both metal and oxide cores. However, the combined effects of lower power density and
longer cycle length of the S-PRISM designs yield a higher discharge burnup for metal core and a
lower discharge burnup for oxide core.
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Table 111.6-12 Core Performance Parameters of High Conversion Ratio Metal Cores

High Conversion Core S-PRISM

Core configuration Homogeneous Homogeneous Heterogeneous Heterogeneous
Blanket usage No Radial Int_ernal and Int_ernal and

blanket only radial blanket radial blanket
Cycle length, month 12 12 12 21.7
No. assemblies (driver/blanket) 180 150/30 102/72 138/97
Number of batches (core/internal/radial) 4/ -/ - 4/-16 41416 3/41/4
TRU enrichment of fresh fuel, % 14.4 14.8 19.3 21.4
Fissile/TRU conversion ratio 0.99/1.00 1.03/1.07 1.07/1.12 91.05
HM/TRU inventory at BOEC, MT 18.5/2.8 19.3/2.4 20.5/2.5 26.1/3.1
Driver discharge burnup (ave/peak), 67 /103 771123 92 /146 106/ 149
MWd/kg
Driver specific power density, W/g 52.6 60.7 72.5 ®)53.0
Driver power density, kW/I 234 270 321 °)218
Peak fast fluence (drive/blanket), 10%*/cm? 3.49/ - 3.83/2.98 3.85/3.64 3.71/3.90
Burnup reactivity loss, %Ak 0.14 0.57 0.0 0.12
Average linear power, kW/m 19.8 22.8 28.2 18.9
Peak linear power density, kW/m 32.6 39.4 52.5 30.4
Linear power density limit of fuel, KW/m 40.3 46.3 55.8 N/A
Core average flux, 10"*/cm?-sec 2.92 3.28 3.12 N/A
Fast flux fraction 0.67 0.69 0.69 N/A
Fissile Pu gain rate, kg/year 2.3 15.0 25.0 19.3

a) Breeding ratio
b) Estimated because the data was not available
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Table 111.6-13 Core Performance Parameters of High Conversion Ratio Oxide Cores

High Conversion Core S-PRISM

Core configuration Homogeneous Homogeneous Heterogeneous Heterogeneous
Blanket usage No Radial Int_ernal and Int'ernal and

blanket only radial blanket radial blanket
Cycle length, month 12 12 12 22.6
No. assemblies (driver/blanket) 180 150/30 102/72 162/133
Number of batches (core/internal/radial) 5/-1/- 6/-/9 6/6/9 3/415
TRU enrichment of fresh fuel, % 20.4 20.5 28.6 29.8
Fissile/TRU conversion ratio 0.96/0.92 0.99/0.99 1.02 /1.04 91.03
HM/TRU inventory at BOEC, MT 18.7 /3.9 195/34 20.5/3.5 349/5.2
Driver discharge burnup (ave/peak), 96/ 156 111/178 131 /210 116 /178
MWd/kg
Driver specific power density, W/g 51.1 59.0 69.5 ®V42.4
Driver power density, kW/I 181 208 249 ®)188
Peak fast fluence (driver/blanket), 10**/cm? 3.45/ - 3.91/2.68 4.02/3.73 2.96 / 2.44
Burnup reactivity loss, %Ak 0.67 1.01 0.55 0.98
Average linear power, kW/m 15.2 17.6 21.6 16.0
Peak linear power density, KW/m 27.3 31.3 40.6 30.1
Linear power density limit of fuel, KW/m © 41.8 42.1 41.8 N/A
Core average flux, 10"°/cm?®-sec 2.17 2.39 2.35 N/A
Fast flux fraction 0.57 0.58 0.58 N/A
Fissile Pu gain rate, kg/year -8.2 (loss) 0.7 8.6 11.2

a) Breeding ratio
b) Estimated because the data was not available.
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Among three design options, the kinetics and reactivity coefficients of the homogeneous core
concept with radial blankets were evaluated. The kinetics and reactivity coefficients are provided
in Table I11.6-14. It is noted that the sodium void worth and the sodium voided Doppler
coefficient were calculated by voiding the flowing coolant in the active core and above, but not
voiding in the radial blanket.

Table 111.6-14 Kinetics and Reactivity Coefficients of High Conversion Ratio Cores

Metal Oxide
BOEC EOEC BOEC EOEC
Effective delayed neutron fraction 0.00352 0.00349 0.00328 0.00326
Prompt neutron lifetime, ps 0.30 0.30 0.40 0.40
Radial expansion coefficient, ¢/°C -0.31 -0.31 -0.24 -0.24
Axial expansion coefficient, ¢/°C -0.05 -0.05 -0.05 -0.05
Fuel density coefficient, ¢/°C -0.59 -0.58 -0.38 -0.36
Structure density coefficient, ¢/°C 0.07 0.07 0.08 0.08
Sodium void worth, $ 5.28 5.55 5.38 5.62
Sodium density coefficient, ¢/°C 0.12 0.13 0.13 0.13
Doppler constant, $ -0.57 -0.56 -1.29 -1.26
Doppler coefficient, ¢/°C -0.10 -0.10 -0.15 -0.14
Sodium voided Doppler coefficient , ¢/°C -0.07 -0.07 -0.12 -0.12

Compared to the reference cores, the effective delayed neutron fraction increases by 5 — 7 %
because of the increased U-238 fraction. The increased active core height decreases the radial
expansion coefficient by 18% for the metal core and 23% for the oxide core. The Doppler
coefficient of the metal core is comparable to the reference core, but the coefficient of the oxide
core increases by 25%. The sodium void coefficient decreases by 16% for the metal core and
12% for the oxide core. The calculated shutdown margins of the primary and secondary control
systems are more than adequate. Due to the low burnup reactivity loss, the primary control
assemblies are almost withdrawn from the active core at BOEC, and as a result, the control-rod
driveline expansion coefficient were decreased to 17 ¢/cm for the metal core and 25 ¢/cm for the
oxide core.

The integral reactivity parameters for the quasi-static reactivity balance analysis were
estimated and provided in Table 111.6-15. Compared to the reference cores, the integral parameter
B of both metal and oxide cores was decreased significantly, and the increased Doppler
coefficient of the oxide core increases the integral parameter A. All combined effects result in
that the integral reactivity parameters of the metal core concept satisfy all three sufficient
conditions for passive safety. However, the oxide core concept does not meet the unprotected
loss of flow accident, while better for unprotected transient overpower accident. Further studies
need to determine design fixes for acceptable asymptotic core outlet temperatures for possible
unprotected accident scenarios.

255




Table 111.6-15 Integral Reactivity Parameters of High Conversion Ratio Cores

Metal Oxide
BOEC EOEC BOEC EOEC
A, power coefficient (¢) -10.0 -9.9 -81.7 -79.7
B, power/flow coefficient (¢) -45.4 -44.1 -45.8 -35.4
C, c|>nlet temperature coefficient -0.40 -0.40 041 .0.34
(¢/°C)
Transient overpower initiator,
0.18 0.0 0.21 0.0
Aprop (9)
A/B<1.0 0.22 0.22 1.78 2.25
Sufficient /
conditions | 1LO<CAT/B 1.41 1.40 1.39 1.48
for <20
passive A Bl <
safety P Tipol | 0.40 0.00 0.46 0.00
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1.7 Safety Analyses

Preliminary analyses have been completed to assess the potential safety performance
characteristics of the Advanced Burner Reactor (ABR) 1000 MWy, design. The scope of the
analyses presented here focuses on the ability of ABR to provide inherent protection against
damaging consequences in low probability accident sequences involving multiple equipment
failures.

[11.7.1 Background and Summary

A summary description of the accident sequences analyzed and the results obtained are first
presented. Detailed descriptions of the analyses are provided in subsequent sections. In
particular, Section I11.7.2 contains a description of the analysis scope and initial reactor state,
while Section 111.7.3 describes the analysis methods modeling data and Section 111.7.4 contains a
more detailed account of the transient results.

111.7.1.1 Analysis Background

One of the primary goals in the ABR design is to provide not only the customary safety
margins in design basis events, but also to deliver superior safety performance in beyond design
basis events involving multiple equipment failures or unplanned operator actions. Consequently,
the preliminary analyses presented here examine the behavior of the ABR in response to an
accident initiator that is normally considered to have a low occurrence frequency but potentially
severe consequences, especially when engineered safety systems are assumed to fail. The
analyses consider the response of both metal-fueled and oxide-fueled cores to the transient
conditions.

The accident initiator examined here is the total loss of normal power to the reactor cooling
system while the plant is operating at full rated power. Within the plant, the effect of this initiator
is the loss of normal operation of all reactor and feed-water coolant pumps. According to design,
the plant responds with a reactor scram, with activation of emergency power supplies (diesel
generators and batteries), and with activation of the normal shutdown heat removal mode. The
normal shutdown heat removal path is through the reactor coolant system and steam generators,
with auxiliary power supplied by the emergency power supplies. As a backup, a low-capacity
emergency heat removal system is provided to remove heat directly from the reactor without the
need for emergency power.

For the transient accident sequences analyzed here, the loss of power is accompanied by a
complete failure of the emergency power supply system, resulting in a total loss of power to the
reactor and intermediate coolant pumps. It is also assumed that the power generation plant
immediately ceases operation, and provides no heat rejection capacity through the steam
generators. The sole heat removal path following the loss of forced coolant flow is through the
emergency heat removal system by natural circulation. This sequence was analyzed for the case
with an immediate reactor scram and for the case without reactor scram. These cases are
identified as the protected loss-of-flow (PLOF) and the unprotected loss-of-flow (ULOF) cases
respectively. The PLOF and ULOF accident sequences both assume multiple equipment failures,
failures of safety grade protection and cooling systems, and no operator actions. These sequences
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are an extreme test of the ABR to provide inherent self-protection against the consequences of
the most severe accident initiators.

111.7.1.2 Results Summary

The base cases for both the metal and oxide core designs are for the beginning of equilibrium
cycle conditions. The detailed analysis results for the PLOF and ULOF accident sequences are
presented in Section I11.7.4, below. In addition to the base cases, parametric variations have also
been performed for the ULOF accident sequence for both the metallic-fueled and the oxide-
fueled cores. Parametric variations for the metal core involve changes to the control-rod driveline
(CRDL) expansion reactivity feedback. Parametric variations for the oxide core also involve the
CRDL reactivity feedback, but additional results are presented for the case where a self-actuated
shutdown system (SASS) is employed. The SASS could be a secondary or a tertiary shutdown
system. The specific SASS device selected for the analysis presented here is based on a safety
rod passive de-latch mechanism utilizing magnetic resistance change at the Curie point
temperature of the sensing alloy. Although these sequences simulate accidents that for some
reactor designs may cause damage to the fuel and possibly progress into severe accident
conditions, in the ABR these events cause no damage. During the accident sequences, reactor
fuel, cladding, and coolant temperatures remain below safety limits.

In the PLOF sequence, the loss of forced coolant flow and normal heat removal is
accompanied immediately by a reactor scram, which quickly brings the reactor power to decay
heat levels. Early in the sequence, the emergency decay heat removal system does not have
sufficient capacity to remove all the heat being produced, so system temperatures rise. However,
due to the large heat capacity of the sodium-cooled pool-type concept, the ABR is able to absorb
a significant amount of energy with only a slight temperature increase, and the natural circulation
capability of the ABR promotes heat removal through the available emergency heat sink. After
about six hours, the reactor decay heat falls to the capacity of the emergency heat removal
system, and system temperatures begin to decrease. The analysis predicts that short coolant and
cladding temperature spikes occur during the transition to natural circulation, but no fuel damage
or cladding failures would occur. These conclusions hold for both the metal core and the oxide
core, although some quantitative differences exist due to differences in core pressure drop (due
to differences in the hydraulic resistances of the respective pin bundles) and differences in the
initial stored energy (due to the higher operating temperature of oxide fuel).

In the ULOF accident, the reactor safety system fails to scram the reactor upon loss of forced
coolant flow and normal heat removal, so the reactor remains at full power initially. Within the
first minute, reactor temperatures increase as the coolant flow rate decreases, and inherent
reactivity feedbacks reduce the reactor power. During this time, peak cladding temperatures rise
to approximately 700°C for the metal core and 750°C for the oxide core. As coolant flow
continues to decline, a second temperature peak occurs, and peak cladding temperatures reach
approximately 550°C for the metal core and 800°C for the oxide core. This increase in
temperature provides the necessary driving force to establish natural circulation flow. The
development of natural circulation holds the slowly-rising peak cladding temperatures to around
800°C for the oxide core, but even after six hours into the transient the fission power remains a
significant part of the total power and the DRACS heat removal capability is still below the total
heat production rate. The oxide system continues slowly heating up. The situation is quite
different for the metal core where the peak fuel and cladding temperatures are reduced to about
520°C after six hours and the decay heat dominates. At this point the DRACS heat removal
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capability is reaching the total heat production rate, after which temperatures can be expected to
remain stable. There is also a difference in the coolant boiling margin. The ULOF parametric
feedback cases show a boiling margin of around 220°C to 250°C for the metal cases, but of only
50°C to 150°C for the oxide cases without the benefit of a SASS scram. The results also show
that with the use of a SASS scram, the coolant boiling margin for the most challenging oxide
case can be increased from 50°C to 170°C.

The primary significance of the analysis results is that both metal and oxide core designs
demonstrate significant safety margins to coolant boiling and fuel damage in PLOF accident
sequences. The metal core design also exhibits significant safety margins in the ULOF accident
sequence. This is a direct consequence of the high thermal conductivity and low operating
temperature of metal fuel, and the favorable negative feedback due to thermal expansion.
However, the ULOF analyses for the oxide core design indicate that margins to coolant boiling
will not be adequate without additional accident mitigation features. Inadequate margins exist for
the oxide core design despite the use of a significantly longer flow halving time (20 seconds)
compared to that used for the metal core (five seconds). The initially high oxide operating
temperatures result in significant positive Doppler feedback when trying to reduce temperatures.
Additional enhancements, such as a self-actuating shutdown (SASS) device will be required for
the oxide core to increase safety margins so that no fuel damage or cladding failures would
occur, even when multiple safety systems are assumed to malfunction. Nevertheless, the
neutronic, thermal, and hydraulic performance characteristics of the ABR design provide a
defensive barrier to reactor damage for accident initiators that otherwise progress into severe
accident conditions. Such superior safety characteristics are inherent to a sodium-cooled, pool-
type reactor concept.

[11.7.2 Analysis Scope

The analysis results reported here were selected on the basis that they show the safety
margins and the inherent ability of a sodium-cooled, pool-type reactor system to provide
protection against severe, damaging consequences. The accident sequences analyzed are near the
end of the spectrum of the most pessimistic, challenging, and potentially damaging events. The
analysis results demonstrate the passive safety performance advantages of the ABR. This
performance is possible because of the favorable natural circulation shutdown heat removal
capability that is possible with low pressure sodium coolant in a pool configuration. In addition,
metallic fuel provides significant inherent safety performance due to its superior heat transfer
and reactivity feedback characteristics.

111.7.2.1 Accident Sequences

The basic accident sequence analyzed is the loss of normal power to the reactor and
intermediate coolant pumps, with failure of the emergency power supplies. The result is a loss of
forced flow in the primary and intermediate coolant circuits, although mechanical pump inertia
will provide for a coast-down in the coolant flow during the very early part of the transient. In
addition, it is assumed that heat removal through the steam generator ceases, so that the only heat
removal path is through the emergency direct reactor auxiliary cooling system (DRACS).

The natural circulation DRACS consists of heat exchangers located in the cold pool region
within the reactor vessel, air dump heat exchangers located outside containment, and the
connecting piping. The working fluid in the DRACS is NaK, and fluid flow is by natural
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circulation. Multiple independent DRACS units are provided for defense in depth. The DRACS
is designed to remove 0.5% of full power (5000 kW) at normal operating temperatures assuming
failure of one DRACS unit. The DRACS system operates continuously, with heat losses limited
in normal operation by dampers on the NaK-to-air heat exchangers. In all the accident sequences
analyzed here, one DRACS unit is assumed to fail, leaving a nominal system heat rejection
capacity of 5000 kW.

The initial condition for the accident sequence is normal operation at full power and flow.
With the loss of pumping power, flow in the primary circuit coasts down according to the
spinning inertia of the pumps and motors. Following flow coast down, natural circulation flow is
established.

With the loss of power, forced flow in the intermediate coolant system is also lost. Further, it
is assumed that heat rejection through the steam generator ceases. The intermediate heat
transport system (IHTS) is alternately a heat sink or source in the accident sequence, depending
on its temperature and the primary system temperature at the intermediate heat exchanger (IHX).
During the transient, natural circulation flow in the IHTS may reverse, depending on transient
temperature conditions.

Two variations of the loss-of-flow accident sequence have been analyzed. In the first, it is
assumed that the reactor safety system acts as designed to insert control rods and reduce reactor
power immediately to decay heat. This sequence is called the protected loss-of-flow (PLOF)
accident. In the second analysis, it is assumed that the reactor safety system fails to insert the
scram control rods, and the loss of forced flow proceeds at full power. This sequence is called
the unprotected loss-of-flow (ULOF).

In the PLOF sequence, the absence of normal shutdown heat removal through the reactor
coolant system causes a slow system temperature rise following the reactor scram. This
temperature increase occurs because the DRACS has insufficient heat removal capacity to
overcome both the early decay heat production rate and the stored heat in the primary and
intermediate systems. Eventually, the decay heat falls below the DRACS capacity, and the
system temperature declines.

In the ULOF sequence, the system temperature rises significantly with the flow coast down,
but the core temperature rise introduces negative reactivity that acts to reduce the reactor fission
power. In general, negative reactivity feedback effects will cause the reactor to seek equilibrium
with the available heat sink by reducing power, but there are important differences between the
metal and oxide cores. For the metal core, the reduction in power has the effect of reducing the
reactor temperature and establishing a quasi-equilibrium condition. However, until the decay
heat falls below the available heat rejection capacity, the reactor system will continue to heat
slowly, with the long term temperature rise buffered by the thermal heat inertia of the system.
When decay heat production falls below the DRACS capacity, the system temperature declines.
For the oxide core, the positive Doppler feedback tends to limit the net reduction in power,
thereby inhibiting the reduction in reactor temperatures.

111.7.2.2 Reactor State

Safety analyses were performed for the beginning-of-equilibrium-cycle (BOEC) reactor
conditions described in Section 11.1.1. For the BOEC safety analysis of the metal core, it was
assumed that sufficient irradiation had taken place to swell the fuel radially into contact with the
cladding. Examination of EBR-II irradiated fuel has indicated that fuel-cladding contact will
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occur early in fuel life (1% burnup), depending on the initial geometry and local specific power.
Fuel-cladding contact has the impact of lowering thermal resistance by eliminating the sodium-
filled fuel-cladding gap. For the oxide core, calculations were carried out to determine pre-
accident conditions of the fuel, including radial expansion, central void formation, and fuel
porosity and cracking.

In both the PLOF and ULOF analyses, the decay heat curve was taken as 100% of the ANSI
5.1 standard [1] for Pu-239. For the ULOF analysis, the decay heat curve was combined with the
computed fission power calculated using the reactivity feedback parameters determined by the
reactor physics analysis of Section 11.1.1.

[11.7.3 Analysis Methods and Input Data

The analytical methods used to evaluate the ABR performance are incorporated into the
SAS4A/SASSYS-1 computer code [2] which was used to produce all the safety analysis results
presented here. In the following sections, the reactor and coolant system thermal-hydraulic
models are described along with key input data relevant to the determination of ABR safety
performance.

111.7.3.1 Reactor Thermal Hydraulics

The thermal-hydraulic performance of the reactor core is analyzed with a geometric model
consisting of a number of single-pin channels. In a multiple-channel, whole-core model, each
channel represents a single fuel pin and its associated coolant and structure. The single pin is
assumed to characterize the average pin in a fuel subassembly, and subassemblies with similar
reactor physics and thermal-hydraulics characteristics are grouped, so a number of channels are
selected to represent all the pins in the reactor core.

The geometry assumed in the channel thermal-hydraulic model is shown in Figure 111.7-1.
Heat generated in the fuel is assumed to travel through the cylindrically-symmetric pin to the
upward-flowing coolant. The structure field is used to represent part of the hexagonal duct and
the wire wrap. One-dimensional, radial heat transfer calculations are performed at many axial
locations to model heat transfer from the fuel through the cladding to the coolant, and from the
coolant to the structure, the gas plenum, and the reflectors. One-dimensional (axial) coolant mass
flow is modeled with a momentum equation solution for the axial pressure profile, and
convective heat transfer conditions are assumed at the interfaces between the coolant and the
cladding, the reflectors, and the structure. Temperatures are calculated at multiple radial nodes in
the fuel, the cladding, the reflectors, and the structure. A single bulk coolant temperature is
calculated at each axial location. Axial heat conduction is neglected.
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Figure 111.7-1 SAS4A/SASSYS-1 Single-Pin Channel Model

Thermal, transport, and physical properties data for the coolant were taken as the
temperature-dependent liquid sodium properties available in SAS4A/SASSYS-1. Cladding
properties were taken as the HT9 data presented in Reference 3. Fuel properties for metal fuel
were taken from the SSCOMP correlations in SAS4A/SASSYS-1 Version 3.0; these correlations
are based on data generated in the Integral Fast Reactor (IFR) Program. Fuel properties for both
pre-transient and transient behavior of oxide fuel are based on the DEFORM-4 module of
SAS4A/SASSYS-1.

On the basis of the reactor physics calculations, the multiple-channel model depicted in
Figure 111.7-2 was selected for safety analysis calculations. This model approximates the full
heterogeneity of the reactor physics model by assigning channels to represent each fuel
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enrichment zone. Channels 1 and 2 represent the average subassemblies in the inner and outer
enrichment zones, respectively. Channel 3 represents all of the non-fuel subassemblies, including
reflector and control assemblies. A fourth channel is used to represent the peak power-to-flow
subassembly containing fresh fuel. The peak assembly is selected based on the highest power-to-
coolant-flow ratio. For both metal and oxide cores, the peak power-to-flow assembly is one of
the inner-core assemblies although the location of the peak assembly is different, as shown in
Figure 11.7-2.

Table 111.7-1 shows the geometric input data employed in the multiple-channel whole-core
model. For the metal fuel, it has been assumed that the irradiated fuel has swollen into contact
with the cladding. For the oxide fuel, the DEFORM-4 model in SAS4A/SASSYS-1 is used to
calculate the radial swelling of the oxide fuel under steady-state radiation. The swelling is
calculated for each axial node such that in some axial location the gap between the fuel and
cladding could be closed while in other locations it could still be present. The thermal
conductivity of the gap, initially filled with helium, is calculated by DEFORM-4 at each axial
location.

The reflector channel power and flow rate represent average power and flow for all non-fuel
assemblies in the core, including primary and secondary control rods and reflectors. The reflector
channel is assumed to be represented by the reflector assembly geometry.

Axial power profiles in the core region are assumed to be identical for all assemblies. The
power profile for the SAS4A/SASSYS-1 axial mesh, presented in Figure 111.7-1, was calculated
based on the five-region core power density for core assembly (IC34). The five-region power
density was fitted with a fourth-degree polynomial in a way that the region-average values are
conserved. Figure I11.7-3shows the five-region core average and peak power densities as well as
the polynomial fit to the power profile for metal and oxide fuel cores.

Figure 111.7-4 shows the initial subassembly powers for the BOEC condition. The
subassembly power for the peak assembly assumes fresh fuel. All other subassembly powers
represent channel averages from BOEC fuel compositions at various stages of depletion.
Subassembly coolant flow rates at steady-state conditions are shown in Figurelll.7-5 Coolant
flow rates are from the flow-orifice calculations described in Section I1.1.1.

Based on the above input conditions, SAS4A/SASSYS-1 calculates the initial, steady-state,
thermal-hydraulic conditions in the reactor core prior to the onset of a transient. Peak coolant
outlet, peak cladding, and peak fuel temperatures are shown in Figures 111.7-6, 111.7-7, and
111.7-8, respectively. Coolant, cladding, and fuel temperatures that arise during a transient are
discussed in the relevant sections below.
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Table 111.7-1 Fuel Assembly, Pin, and Coolant Channel Model Data

Metal Oxide

Fuel Fuel Reflector
Pins per Assembly 271 271 91
Number of Assemblies 180 180 133
Channel 1 (Inner Core) 77 77 -
Channel 2 (Outer Core) 102 102 -
Channel 3 (Reflector) - - 133
Channel 4 (Peak) 1 1 -
Fuel Height, mm 812.8 1066.8 -
Gas Plenum Height, mm 1244.6 1600.2 -
Upper Reflector Height, mm 1117.6 635 -
Lower Reflector Height, mm 1244.6 1117.6 -
Axial Node Height, mm
Core 40.6 53.3 same as
Gas Plenum 207.4 266.7 fuel
Upper Reflector 223.5 127.0 assembly
Lower Reflector 248.9 223.5
Hydraulic Diameter, mm 3.361 3.361 1.878
Coolant Flow Area per Pin, mm? 25.03 25.03 25.40
Outer Fuel Radius, mm 3.22 3.13 -
Inner Cladding Radius, mm 3.22 3.22 -
Outer Cladding Radius, mm 3.78 3.78 7.71
Structure Thickness ?, mm 4.50 4.50 4.50
Structure Perimeter ® per Pin, mm 2.21 2.21 5.68
Reflector Thickness, mm 1.89 1.89 3.85
Reflector Perimeter, mm 23.72 23.72 48.41

a. Structure thickness includes weighted contribution from the inter-assembly gap sodium.
b. Structure perimeter includes contribution from wire wrap spacers.
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Figure 111.7- 5 Initial Subassembly Coolant Flow (kg/s)
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Figure 111.7-6 BOEC Initial Coolant Outlet Temperature (°C)
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Figure 111.7-7 BOEC Initial Peak Cladding Temperature (°C)

270



Figure 111.7-8 BOEC Initial Peak Fuel Temperature (°C)
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111.7.3.2 Coolant Systems Thermal Hydraulics

The coolant systems thermal hydraulics model represents coolant flow and heat transfer in
the primary and intermediate sodium systems, and in the emergency decay heat removal system,
with a network of volumes and components connected by flow paths. The coolant systems model
is shown in Figure 111.7-9. From the inlet plenum, cold coolant flows through the core and is
heated, then exits to the outlet plenum and travels through the shell side of the intermediate heat
exchangers (IHXs), where it gives up its heat. Cold primary coolant exits the IHXs and flows to
the cold pool. The primary coolant pumps take suction from the cold pool and deliver the coolant
back to the inlet plenum. Emergency decay heat removal is provided by the direct reactor
auxiliary cooling system (DRACS), a natural circulation system that removes heat by means of a
heat exchanger in the upper region of the primary circuit cold leg and rejects heat through an air
dump heat exchanger outside the containment. The working fluid in the DRACS system is NaK.

In the primary coolant circuit, volumes 1 and 2 represent the inlet and outlet plenums.
Volumes 3, 4, and 5 represent regions of the cold pool. Volume 3 represents the annular region
between the redan and the vessel wall. Volume 4 represents the coolant below and around the
inlet plenum. The coolant in volume 4 is essentially stagnant. Volume 5 represents the bulk of
the cold pool. Volumes 6 and 9 simulate the gas expansion volumes in the intermediate loop and
decay heat removal system, respectively. Volumes 7 and 8 represent the sodium in the active part
of the steam generator. Design parameters assumed for the volumes in the model are shown in
Table 111.7-2. All of the volumes in the model are perfectly mixed (i.e. characterized by a single
temperature) except for volumes 2 and 5 which are treated by a stratification model for low flow
conditions. Most of the temperature stratification in the system is expected to occur in volumes 2
and 5.

Volumes in the model are connected by one-dimensional flow segments, which are further
subdivided into temperature elements for heat transfer calculations. Table 111.7-3 shows the
parameters assumed for the liquid segments. Flow segment 1 stands for the core channels, and
flow segment 2 represents the shell side of the IHX. The ABR has four IHXs, but only a single
IHX is modeled, and it is assumed in this work that all primary circuits behave identically.
Segment 3 represents the four primary coolant pumps and the discharge pipes connected to the
inlet plenum. Segment 4 represents the primary coolant flow path through the decay heat
removal heat exchanger. Segment 5 connects the annular part of the cold pool with the main part,
and segment 6 connects the main region of the cold pool with the near stagnant lower region.
Segments 7, 8 and 9 represent the intermediate heat transfer loop including the loop piping, the
intermediate heat exchanger, the steam generator and the intermediate coolant pump. Segment 10
represents natural circulation flow in the DRACS loop. In normal operation, heat addition takes
place in segment 1, and heat is rejected in segments 2 and 4. Segment 2 is thermally connected
through the IHX to the intermediate loop, and segment 4 is thermally connected to the DRACS
loop through the DRACS heat exchanger.

In the model, liquid flow segments are divided into a number of elements for the purpose of
heat transfer and pressure drop calculations. The liquid elements in the coolant systems model
are described in Table 111.7-4.
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Primary and intermediate circuit flows are driven by both forced circulation at the pumps and
by buoyancy due to temperature-induced density changes. Transient natural circulation flows
adjust to changes in heat generation and heat transfer. DRACS loop natural circulation flow
changes due to temperature changes in the DRACS heat exchanger and in the air dump heat
exchanger. Heat transfer at the air dump heat exchanger can be enhanced by opening air flow
dampers, which are closed during normal operation.

Table 111.7-2 PRIMAR-4 Compressible Volumes Input Data

Compressible Total Volume  Gas Volume
Volume Description m?® m?®

1 Inlet plenum 7.7 0.

2 Outlet plenum, stratified 895.9 140.

3 Cold pool annulus 76.4 26.7

4 Cold pool, stagnant region below 1.64 0.
the inlet plenum

5 Bulk of cold pool, stratified 581.8 0.

6 Intermediate loop expansion volume 20. 10.

7 Sodium in upper half of active 38. 0.
region of the steam generator

8 Sodium in lower half of active 38. 0.
region of the steam generator

9 Expansion volume in DRACS loop 4, 2.

Table 111.7-3 PRIMAR-4 Liquid Segments Input Data.

Segment Initial Coolant Flow Rate
Number Elements kgls
1 (core) 1 5029.2
2 2-3 1257.3
3 4-5 1257.3
4 7 0.
5 8 0.
6 9 0.
7 11-16 1290.
8 17 1290.
9 18-20 1290.
10 21-26 0.
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Table 111.7-4 Liquid Elements Input Data

Inlet Outlet
Elevation  Elevation  Length Area  Hydraulic  Orifice
Element Usage m m m m’ Diameter Coef.

1 Core -1.6 2.973 4573 (See Table I11.7-1)
channels

2 IHX, shell 7.31 2.53 4.780 1.044 .0186 15.9
side

3 IHX outlet 2.53 1.813 717 .79 1.0 1.0

4 Primary 2.016 2.016 10 .255 .57 0.
pump

5 Pipe 2.016 -1.65 4.0 .255 57 1.6

6 DRACS inlet 2.6 4.783 2. .0807 A3 1.6
annulus

7 DRACS shell 4.783 2.263 2.5 .0807 .0491 0.
side

8 pipe 2.75 2.650 ! 2 2 0.

9 pipe -1.55 -1.65 ! 2 2 0.

10 Intermediate 23.58 23.58 1 .25 5 0.
pump

11 pipe 23.58 7.310 25. .255 57 0.

12 pipe 7.31 2.53 4.78 .255 57 0.

13 IHX, tube 2.53 7.31 4.78 .7048 0141 0.
side

14 pipe 7.31 10.0 6.8 .255 57 0.

15 pipe 10.0 42.36 76. .255 57 0.

16 pipe, SG 42.36 39.34 3.0 5.2 1 0.
inlet section

17 steam 28.88 28.78 1 .255 1 1.3
generator

18 pipe, SG 15.86 15.86 3.0 5.2 1.0 0.
outlet section

19 pipe 15.86 15.86 6.8 .255 57 0.

20 pipe 15.86 24.88 30. .255 57 0.

21 pipe 22. 21. 1.0 .255 2 0.

22 air dump heat 21. 20. 11.3 .255 .035 0.
exchanger

23 pipe 20. 4.763 217. .255 2 0.

24 pipe 4.763 2.263 2.5 .255 2 0.

25 DRACS, 2.263 4.763 2.5 .255 .0204 0.
tube side

26 pipe 4.763 22. 30. .255 2 1.5
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111.7.3.3 Reactor Kinetics and Reactivity Feedback

A point kinetics model is employed to calculate the response of reactor fission power to
transient reactivity feedbacks as well as to reactor scram conditions. At any time, the net
reactivity is the sum of a number of individual reactivity feedbacks that are determined by the
transient thermal, hydraulic, mechanical, and neutronic state of the reactor. The feedback
reactivities considered are fuel Doppler, coolant density, fuel and cladding axial expansion,
radial core expansion, and control rod driveline thermal expansion. In addition to tracking fission
power, a decay heat model is integrated with the point kinetics model to track thermal power in
sub-critical conditions.

Fuel Doppler feedback is calculated from the spatially-dependent fuel temperature
distribution and the input spatial distribution of the fuel Doppler reactivity coefficient. In each
single-pin channel, the axial distribution of the radial pin-average fuel temperature is used to
calculate the reactivity feedback.

Coolant density reactivity feedback is calculated from the spatially dependent coolant density
distribution and the input distribution of the coolant density reactivity coefficient calculated from
perturbation theory. The reactivity feedback data is entered as a coolant void worth (the negative
of the coolant mass worth).

Transient fuel and cladding temperatures are used to predict fuel and cladding axial
dimension changes, and in each single-pin channel the reactivity feedbacks associated with fuel
and cladding axial expansion are computed from first order perturbation theory.

A simple radial core expansion model accounts for core dilation due to thermal expansion of
the above-core load pads and thermal expansion of the core support grid plate. Reactivity
feedback is then calculated from the computed core dimension change and an input linear
reactivity coefficient based on stand-alone reactor physics eigenvalue calculations.

For the control-rod driveline feedback model, it is assumed that the control rod drivelines are
washed by the outlet coolant from the core. Thermal expansion of the drivelines due to a rise in
core outlet temperature will cause the control rods to be inserted further into the core, providing
a negative reactivity component. On the other hand, when the control rod drives are supported on
the vessel head and the core is supported by the vessel walls, then heating the vessel walls will
lower the core, leading to a positive reactivity component. In the present model, both control-rod
driveline expansion and vessel wall expansion are treated.

For the parametric variation on the oxide core design where a self-actuated shutdown system
(SASS) is employed, the analysis here assumes the presence of a safety rod passive de-latch
mechanism utilizing magnetic resistance change at the Curie point temperature of the sensing
alloy. The SASS is assumed to be coupled to the secondary control-rods with a total scram worth
of $8.7. The insertion is initiated by the coolant outlet temperature of channel 1 (inner driver
subassembly) reaching 727°C (1000K).

[11.7.4 Analysis Results

Analyses of the protected loss-of-flow (PLOF) and unprotected loss-of-flow (ULOF)
accident sequences were performed with coupled heat transfer, thermal-hydraulics, and reactor
kinetics models available in the SAS4A/SASSYS-1 code. These models have been validated
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through many applications to EBR-II and FFTF transient tests. Additionally, temperature criteria
for assessments of cladding damage thresholds have been established by results from testing of
fuel in EBR-1I, TREAT, and FFTF. Consequently, there is high confidence that the detailed
results from the PLOF and ULOF accident analyses presented here give a true characterization of
the physical performance that could be obtained in the ABR design.

The base case results for both metal and oxide core designs are for the beginning of
equilibrium cycle conditions. Detailed analysis results for the PLOF and ULOF accident
sequences are presented below. In addition to the base cases, parametric variations have also
been performed for the ULOF accident sequence for both the metallic-fueled and the oxide-
fueled cores. Parametric variations for the metal core involve changes to the control-rod driveline
(CRDL) expansion reactivity feedback. Parametric variations for the oxide core also involve the
CRDL reactivity feedback, but additional results are presented for the case where a self-actuated
shutdown system (SASS) is employed. The SASS could be a secondary or a tertiary shutdown
system. The specific SASS device selected for the analysis presented here is based on a safety
rod passive de-latch mechanism utilizing magnetic resistance change at the Curie point
temperature of the sensing alloy.

111.7.4.1 Metal Fuel
Protected Loss-of-Flow (PLOF) Accident Sequence

Results from analysis of the metal fuel PLOF accident sequence are shown in Figures
111.7-10, 11.7-11, 111.7-12, and 111.7-13. Figures 111.7-10 and 111.7-11 show the history of the
reactor power, the decay heat power, the DRACS heat removal rate and the coolant flows
through the highest temperature subassembly (channel 4) and an average temperature
subassembly (channel 1) in the inner core. This transient is initiated by a complete loss of forced
coolant flow in the primary and intermediate loops, and is driven in the early transient period
largely by the pump coast-down. During the later period when a long-term quasi-equilibrium is
being reached, the response is driven more by temperature distributions with-in the hot and cold
pools and the thermal boundary conditions. The discussion in this section is separated into these
two time periods of the transient history. Both the primary pumps and the intermediate pumps
have enough inertia to give initial flow halving times of five seconds. Primary pump rotors
completely stop turning at about 150 seconds after the start of the transient, leading to a
transition to natural circulation. The transition to natural circulation goes as smoothly in the
cooler channel 1 as in the hotter channel 4. Almost immediately at initiation, the reactor
protection system scrams the reactor, beginning the power reduction to decay heat shown in
Figure 111.7-10, and the dampers on the DRACS air dump heat exchangers open, permitting the
DRACS to operate at its full capacity of 0.5%. As the cold pool temperature rises, DRACS heat
removal capacity increases, eventually reaching the equivalent of 0.7% of normal reactor power.
Not indicated in this figure is the loss of heat removal to the balance-of-plant, which is assumed
to occur after the first 10 seconds. Figure 111.7.-10 shows that the reactor decay heat power
equals the DRACS heat removal capacity at about 6 hours into the transient.
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Figure 111.7-11 Metal Fuel PLOF Power and Flow History, Extended Times
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Figure 111.7-12 shows the early reactor temperature histories during the coolant flow coast
down and transition to natural circulation. During this and the following time, the only heat
removal is through the DRACS. The rapid reactor power decrease due to the scram initially
lowers the coolant and cladding temperatures in the core. Then the drop in core flow as the
pumps coast down leads to a rise in core coolant and cladding temperatures. The transition to
natural circulation is about as smooth in channel 1 as in channel 4. In both channels as the
primary pumps stop turning the coolant flow rate abruptly drops to very low values, leading to
higher peak coolant and cladding temperatures at around 180 seconds. This short-term cladding
temperature rise however is still lower than the initial peak clad temperatures so no cladding
failure would occur. There is a large margin to coolant boiling.

Note that the “cold pool” temperature shown in Figures I11.7-12 and 111.7-13 is the average
temperature of the axial distribution computed with the volume stratification model. The pump
inlet is at a certain elevation in the cold pool, and at this location the coolant temperature is
different from the average for the cold pool.

In the longer term transient history when the system temperature rises, as shown in Figure
111.7-13, the DRACS heat removal capability increases due to an increase in NaK flow and heat
rejection at the air dump heat exchangers. Decay heat production declines throughout the
transient, until it becomes equal to the DRACS heat removal. Hot pool and cold pool
temperatures reach long-term peak values at about this time which is around 6 to 7 hours into the
transient, and then uniformly decrease as the whole system cools. The DRACS begins to remove
more heat than the decay heat rate production. Channel cladding temperatures follow the inlet
plenum temperature history to a large part, as the inlet channel flows start to stabilize and a long-
term natural convection quasi-equilibrium is reached. During this period the results show the
effect of the stratification within the hot and cold pools on this flow and the channel temperatures
in the core.

The significance of the PLOF analysis results is emphasized in Figure 111.7-12 which shows
the initial peak cladding temperature (563°C) in channel 4, compared to the short-term transient
peak cladding temperature of 490°C and the long-term peak cladding temperature just above
470°C at around 5 hours before the cool down begins to take effect. In the PLOF transient, no
cladding failures would occur, and the long-term peak temperatures in the accident are lower
than the normal operating temperatures. Stated in another way, the long-term temperature safety
margins in the accident are greater than the margins at the normal operating conditions. This very
significant result is obtained as a result of the natural circulation capabilities of the reactor
coolant system and the DRACS.

Unprotected Loss-of-Flow (ULOF) Accident Sequence
a) Base Case

The metal fuel ULOF transient is initiated by the same set of failures as for the PLOF
accident (loss of forced flow and loss of normal heat rejection). However, for the ULOF case, the
reactor protection system also fails to scram the reactor; so the accident proceeds from full
power. All heat rejection is through the DRACS, with a design heat rejection of 0.5% of full
power at nominal conditions. Results from the analysis of the ULOF accident sequence are
shown in Figures 111.7-14, 111.7-15, and 111.7-16. Similar to the PLOF results, there is an early
transient period which is driven mostly by the pump coast-downs. Then, during a later period
when a long-term quasi-equilibrium is being reached, the response is driven more by temperature
distributions within the hot and cold pools and the thermal boundary conditions. However, unlike
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the PLOF case, in these results there is coupling between the power history and the thermal
response through the passive core reactivity feedbacks since the core is not shutdown through a
scram. This two-way coupling is reflected in the results presented below.

Figure 111.7-14 shows the histories for the total reactor power, the decay heat production, and
the coolant flow in channel 4 (the peak inner core assembly). The power-to-flow imbalance
during the first 50 seconds results in significant transient reactor heating. Peak fuel, peak clad,
and coolant outlet temperatures for channel 4 are shown in Figure 111.7-15. Coolant and cladding
temperatures increase to approximately 700°C within the first 30 seconds. The fuel temperature
increases to about 730°C. This heating causes the reactivity feedbacks shown in Figure 111.7-16.
The net reactivity reaches 80 cents sub-critical. Control-rod driveline (CRDL) and radial
expansion are the main contributors to the initial negative reactivity feedback, which causes
power and fuel temperatures to decline. Shortly after the onset of the transient, higher-
temperature coolant begins washing over and heating the control-rod drivelines. As the
drivelines expand, an additional negative reactivity component is introduced, as shown in Figure
111.7-16. Although reduced fuel temperatures provide a positive Doppler feedback, the magnitude
IS modest due to the high thermal conductivity and relatively low operating temperatures of
metallic fuel. As a consequence, by 100 seconds the total power is significantly below 10%
nominal. The power-to-flow ratio initially increases, but due to the net negative reactivity, peaks
and then decreases. Beyond 1000 seconds, the power-to-flow ratio remains below one for the
duration of the transient.

The flow coast-down provided by the inertia of the primary pumps ends at approximately
150 seconds when the shafts stop turning. At this point, natural circulation has not yet been fully
established, so with the abrupt drop in flow the cladding and local coolant temperatures begin to
rise to form a second temperature peak of about 550°C at approximately 200 to 250 seconds. The
increased temperatures provide additional driving force to aid in establishing natural circulation
flow. But the second temperature peak also causes additional thermal expansion and negative
reactivity feedback and this starts a period of oscillations between the fission power and the
thermal hydraulic feedback effects. The oscillations are damped oscillations and the conditions
eventually reach a quasi-equilibrium. By 2000 seconds, fission power has been significantly
reduced, and residual heating is dominated by decay heat. Therefore, the changes in reactivity
feedback (particularly CRDL expansion) have negligible impact on subsequent transient
development.

As natural circulation is being established, and with changes in the channel inlet
temperatures, the peak in the coolant temperature moves up through the core and to the
subassembly outlet. Similarly, the delay in observing the temperature peak at the outlet is partly
due to the low flow conditions, but a bigger contributor to the delay is the large thermal inertia of
the structural materials above the core, which must all be heated before the temperature peak
reaches the outlet. This affects the hot pool temperature distributions for establishing a quasi-
equilibrium natural circulation. But the development of natural circulation holds peak coolant
and cladding temperatures to around 520°C. The peak fuel temperatures follow.
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Figure 111.7-16 Metal Fuel ULOF Transient Reactivity Feedback

Beyond 6000 seconds, the normalized power-to-flow remains quasi-constant, and the channel
temperatures do not increase significantly but are driven by the inlet core temperature as the
system slowly heats up. In the long term beyond 20,000 seconds, when the total power
approaches the heat rejection capability of the DRACS, overall system temperature rise begins to
level off.

The significance of the ULOF accident analysis results for the metal-fueled core is confirmed
by Figure 111.7-15. As shown for channel 4, the peak fuel, cladding, and coolant temperatures
remain well below the coolant saturation (boiling) temperature, with a minimum margin to
coolant boiling of about 250°C. The analysis suggests that the core would survive an unprotected
loss-of-flow accident without pin failures or fuel damage. This very favorable result comes about
because of 1) the high thermal conductivity and relatively low operating temperature of metallic
fuel, 2) the capability of a sodium-cooled reactor in a pool-type primary system to remove decay
heat in natural circulation, and 3) the beneficial negative reactivity feedback coefficients and
reactor physics performance of metallic fuel.

b) Reduced CRDL Feedback Case

A parametric variation has been performed for the metal-fueled core with reduced CRDL
feedback. Reference should be made to the discussion above for the base case (a). In this
parametric, the worth fitting coefficients for the CRDL expansion feedback model have also
been reduced from the metal-fueled core base case (a) by 50%. This is approximately equivalent
to reducing the worth by a factor of two and could be viewed as more appropriate for an EOEC
case with the rods withdrawn. The ULOF transient is initiated by the same set of failures as for
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the base case (loss of forced flow and loss of normal heat rejection) and the reactor protection
system also fails to scram the reactor; so the accident proceeds from full power. All heat
rejection is through the DRACS, with a design heat rejection of 0.5% of full power at nominal
conditions. Results from the analysis of the ULOF accident sequence are shown in Figures
H1.7-17, 111.7-18 and 111.7-19 The same overall trends can be seen when compared with the
metal-fueled core base case (a), although the core temperature margins are slightly reduced.

Figure 111.7-17 shows the histories for total reactor power, decay heat production, and coolant
flow in channel 4 (the peak inner core assembly). The power-to-flow imbalance during the first
50 seconds results in significant transient reactor heating. Peak fuel, peak clad, and coolant outlet
temperatures for channel 4 are shown in Figure 111.7-18. Coolant and cladding temperatures
increase to approximately 720°C within the first 30 seconds. The fuel temperature reaches
740°C. These temperatures are all slightly higher than the metal-core base case. This heating
causes the reactivity feedbacks shown in Figure 111.7-19. As with the base case, CRDL and radial
expansion are the main contributors to the initial negative reactivity feedback, which causes
power and fuel temperatures to decline. As can be anticipated, the CRDL feedback is reduced in
comparison to the base case though the reduction is not proportionate to the assumed reduction
in the worth fitting coefficients. Reduced fuel temperatures provide a positive Doppler feedback,
although the magnitude is modest due to the high thermal conductivity and relatively low
operating temperatures of metallic fuel. The magnitude of this feedback component is quite
similar to that of the base case. Consistent with these feedbacks, the total power is slightly higher
at this point in the transient.

The flow coast-down provided by the inertia of the primary pumps ends at approximately
150 seconds when the shafts stop turning. As in the base case, natural circulation has not yet
been fully established, so with the abrupt drop in flow the fuel, cladding, and local coolant
temperatures begin to rise to form a second temperature peak of about 560°C at approximately
180 to 200 seconds. The increased temperatures provide additional driving force to aid in
establishing natural circulation flow. But as in the base case, the second temperature peak also
causes additional thermal expansion and negative reactivity feedback and this starts a period of
oscillations between the fission power and the thermal hydraulic feedback effects. However, the
oscillations are damped significantly faster and the conditions reach a quasi-equilibrium much
sooner than in the base case. By 2000 seconds, fission power has been significantly reduced, and
residual heating is dominated by decay heat. Therefore changes in reactivity feedback
(particularly CRDL expansion) have negligible impact on subsequent transient development.

As a consequence, during the quasi-equilibrium phase as natural circulation is being
established, the same behavior as in the base case can be observed and reference should be made
to that discussion. The development of natural circulation holds peak coolant and cladding
temperatures to around 520°C. The peak fuel temperatures follow. Beyond 6000 seconds, the
normalized power-to-flow remains quasi-constant and the channel temperatures do not increase
significantly. In the long term beyond 20000 seconds, the total power approaches the heat
rejection capability of the DRACS, and the overall system temperature rise begins to level off.
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The significance of these ULOF accident analysis results for the reduced CRDL feedback is
that the margins are only slightly different from those of the metal-fueled core base case (a). A
change of 50% only affects the large margins by about 20°C. This is confirmed in Figure
111.7-18. As shown for channel 4, the peak fuel, cladding, and coolant temperatures remain well
below the coolant saturation (boiling) temperature, and the minimum margin to coolant boiling is
about 220°C. The conclusions for the base case are still valid here. The metal-fueled core would
survive an unprotected loss-of-flow accident without pin failures or fuel damage. As with case
(@), this very favorable result comes about because of 1) the high thermal conductivity and
relatively low operating temperature of metallic fuel, 2) the capability of a sodium-cooled reactor
in a pool-type primary system to remove decay heat in natural circulation, and 3) the beneficial
negative reactivity feedback coefficients and reactor physics performance of metallic fuel.

111.7.4.2 Oxide Fuel
Protected Loss-of-Flow (PLOF) Accident Sequence

Results from analysis of the oxide fuel PLOF accident sequence are shown in Figures
111.7-20, 111.7-21, 111.7-22, and 111.7-23. Figures 111.7-20 and 111.7-21 show the history of the
reactor power, the decay heat power, the DRACS heat removal rate and the coolant flows
through the highest temperature subassembly (channel 4) and an average temperature
subassembly (channel 1) in the inner core. This transient is initiated by a complete loss of forced
coolant flow in the primary and intermediate loops, and is driven in the early transient period
largely by the pump coast-down. The later period when a long-term quasi-equilibrium is being
reached, the response is driven more by temperature distributions within the hot and cold pools
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and the thermal boundary conditions. The discussion in this section is separated into these two
time periods of the transient history. The primary pumps are assumed to have enough inertia to
give initial flow halving times of 20 seconds. The intermediate pump inertia is sufficient for an
initial flow halving time of five seconds. The primary pump rotors completely stop turning at
about 650 seconds after the start of the transient, leading to a transition to natural circulation. The
transition to natural circulation goes as smoothly in the cooler channel 1 as in the hotter channel
4. Almost immediately at initiation, the reactor protection system scrams the reactor, beginning
the power reduction to decay heat shown in Figure 111.7-20, and the dampers on the DRACS air
dump heat exchangers open, permitting the DRACS to operate at its full capacity of 0.5%. As the
cold pool temperature rises, DRACS heat removal capacity increases, eventually reaching the
equivalent of 0.7% of normal reactor power. Not indicated in this figure is the loss of heat
removal to the balance-of-plant, which is assumed to occur after the first ten seconds. Figure
I11.7-21 shows that the reactor decay heat power equals the DRACS heat removal capacity at
about six hours into the transient.

Figure 111.7-21 shows the early reactor temperature histories during the coolant flow coast
down and transition to natural circulation. During this and the following time, the only heat
removal is through the DRACS. The rapid reactor power decrease due to the scram initially
lowers the coolant and cladding temperatures in the core. The total power history essentially
follows the decay heat curve as the fission power is negligible. Then the drop in core flow as the
pumps coast down leads to a rise in core coolant and cladding temperatures. The transition to
natural circulation is about as smooth in channel 1 as in channel 4, so the temperature behavior in
the two channels tends to mirror each other. In both channels as the primary pumps stop turning
the inlet coolant flow rate abruptly drops to very low values, leading to higher peak coolant and
cladding temperatures at around 680 seconds. This short-term cladding temperature rise is
however still lower than the initial peak clad temperatures so no cladding failure would occur.
There is a large margin to coolant boiling.

Note that the “cold pool” temperature shown in Figures I11.7-22 and 111.7-23 is the average
temperature of the axial distribution computed with the volume stratification model. The pump
inlet is at a certain elevation in the cold pool, and at this location the coolant temperature is
different from the average for the cold pool.

In the longer term transient history while the system temperature rises, as shown in Figure
111.7-23, the DRACS heat removal capability increases due to an increase in NaK flow and heat
rejection at the air dump heat exchangers. Decay heat production declines throughout the
transient, until it becomes equal to the DRACS heat removal. Figure 111.7-23 shows that this
occurs around 6 to 7 hours after the initiation of the transient. The elevated pool temperatures at
this time have led to both an increase in the DRACS natural convection flow and in the driving
temperature difference to the air dump heat exchangers, which together contribute to the increase
in the DRACS heat removal capability over the design value. Hot pool and cold pool
temperatures reach long-term peak values at about this time, and then uniformly decrease as the
whole system cools. The DRACS begins to remove more heat than the decay heat rate
production. Channel cladding temperatures follow the inlet plenum temperature history to a large
part, as the inlet channel flows start to stabilize and a long-term natural convection quasi-
equilibrium is reached.
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The significance of the PLOF analysis results is emphasized in Figure 111-7-22 which shows
the initial peak cladding temperature (558°C) in channel 4, compared to the short-term transient
peak cladding temperature of 510°C and the long-term peak cladding temperature just above
470°C at around 5 hours before the cool-down begins to take effect. In the PLOF transient, no
cladding failures would occur, and the long-term peak temperatures in the accident are lower
than the normal operating temperatures. Stated in another way, the long-term temperature safety
margins in the accident are greater than the margins at the normal operating conditions. This very
significant result is obtained as a result of the natural circulation capabilities of the reactor
coolant system and the DRACS.

Unprotected Loss-of-Flow (ULOF) Accident Sequence
a) Base Case

The oxide fuel ULOF transient is initiated by the same set of failures as for the PLOF
accident (loss of forced flow and loss of normal heat rejection). However, for the ULOF case, the
reactor protection system also fails to scram the reactor; so the accident proceeds from full
power. All heat rejection is through the DRACS, with a design heat rejection of 0.5% of full
power at nominal conditions. Results from the analysis of the ULOF accident sequence are
shown in Figures 111.7-24, 111.7-25, and 111.7-26. Similar to the PLOF accident, there is an early
transient period which is driven mostly by the pump coast down. Then, there is a later period
when a long-term quasi-equilibrium is being reached, the response is driven more by temperature
distributions within the hot and cold pools and the thermal boundary conditions. However unlike
the PLOF, in this accident there is coupling between the power history and the thermal response
through the passive core reactivity feedbacks since the core is not shutdown through a scram.
This two-way coupling is reflected in the results presented below.

Figure 111.7-24 shows the histories for the total reactor power, the decay heat production, and
the coolant flow in channel 4 (the peak inner core assembly). The power-to-flow imbalance
during the first 100 seconds results in significant transient reactor heating. Core outlet fuel, peak
clad, and coolant outlet temperatures for channel 4 are shown in Figure I11.7-25. Coolant and
cladding temperatures increase to approximately 750°C within the first 100 seconds. In contrast,
the fuel temperature drops to 1100°C as the coolant heating causes the reactivity feedbacks
shown in Figure 111.7-26 with the net reactivity dropping to about 15 cents subcritical, which is a
considerably smaller feedback than in the metal-fueled case. Control-rod driveline and radial
expansion are the main contributors to the initial negative reactivity feedback, which causes
power and fuel temperatures to decline. Shortly after the onset of the transient, higher-
temperature coolant begins washing over and heating the control-rod drivelines. As the
drivelines expand, an additional negative reactivity component is introduced, as shown in Figure
111.7-26. Reduced fuel temperatures provide a significant positive Doppler feedback due to the
low thermal conductivity and therefore the relatively high initial operating temperatures of oxide
fuel. The power-flow ratio reaches a quasi-asymptotic value higher than the initial value of one
towards the end of this period, so the channel coolant and clad temperatures which are initially
driven by this, reach a quasi-equilibrium higher than the initial temperatures. The net reactivity
has reestablished a quasi-equilibrium around critical, and the fission power remains by far the
largest component of the total power. At 400 seconds into the transient, the total power is still
above 10% nominal.

The flow coast-down provided by the inertia of the primary pumps ends at approximately
650 seconds when the shafts stop turning. At this point, natural circulation has not yet been fully
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established, so with the abrupt drop in flow the cladding, and local coolant temperatures begin to
rise to form a second temperature peak of about 800°C at approximately 700 seconds. There is
less of a rise in the fuel temperature. The increased temperatures provides additional driving
force to aid in establishing natural circulation flow and the coolant flow rate in channel 4 begins
to increase. But the second temperature peak also causes additional thermal expansion and
negative reactivity feedback and this starts a period of oscillations between the fission power and
the thermal hydraulic feedback effects. The oscillations are damped oscillations and the
conditions eventually reach quasi-equilibrium. At 6000 seconds the fission power is still a large
part of the total power and the residual heating is still affected by the fission power. Decay heat
now makes a significant contribution but changes in reactivity feedback (particularly the control
rod drive line expansion) still have impact on subsequent transient development.

As natural circulation is being established, and with changes in the channel inlet
temperatures, the peak in the coolant temperature moves up through the core and to the
subassembly outlet. While the delay in observing the temperature peak at the outlet is partly due
to the low flow conditions, a bigger contributor to the delay is the large thermal inertia of the
structural materials above the core, which must all be heated before the temperature peak reaches
the outlet. This affects the hot pool temperature distributions for establishing a quasi-equilibrium
natural circulation. Nevertheless, the development of natural circulation holds the peak coolant
and cladding temperatures to around 800°C. The peak fuel temperatures follow. Beyond 6000
seconds, the normalized power-to-flow remains quasi-constant and the channel temperatures do
not increase significantly. In the long term beyond 20000 seconds, the total power still remains
above the heat rejection capability of the DRACS, and overall system temperatures is still slowly
rising. The core inlet temperature continues to rise and with it, the channel temperatures. The
fission power is still a significant contributor.

The significance of the ULOF accident analysis results is captured in Figure 111.7-26. As
shown for channel 4, fuel temperatures are well below the melting point. In contrast, the peak
cladding and coolant temperatures approach but remain below the coolant saturation (boiling)
temperature, with a minimum margin to coolant boiling of about 150°C. This result comes about
because of the low thermal conductivity and relatively high operating temperature of oxide fuel.
The analysis suggests that parametric variations on the reactivity feedback coefficients, in
particular the control rod drive line expansion worth and enhanced scram capability, would be
advisable. Results from these parametric variations are presented below.
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b) Reduced CRDL Feedback Case

A parametric variation has been performed for the oxide-fueled core with reduced CRDL
feedback. Reference should be made to the discussion above for the base case (a). In this
parametric case, the worth fitting coefficients for the control rod driveline expansion feedback
model have been reduced from the base case by 50%. This is approximately equivalent to
reducing the worth by a factor of two and could be viewed as more appropriate for an EOEC
case with the rods withdrawn. The ULOF transient is initiated by the same set of failures as for
the base case (loss of forced flow and loss of normal heat rejection) and the reactor protection
system also fails to scram the reactor; so the accident proceeds from full power. All heat
rejection is through the DRACS, with a design heat rejection of 0.5% of full power at nominal
conditions. Results from the analysis of this ULOF accident sequence are shown in Figures I11.7-
27, 111.7-28, and 111.7-29. The same overall trends can be seen when compared with the base
case; however the core temperature margins are significantly reduced.

Figure 111.7-27 shows the histories for the total reactor power, the decay heat production, and
the coolant flow in channel 4 (the peak inner core assembly). It can be seen that the fission
power decreases as the transient proceeds but is noticeably higher than in case (a). Core outlet
fuel, peak clad, and coolant outlet temperatures for channel 4 are shown in Figure 111.7-28.
Coolant and cladding temperatures increase to approximately 850°C within the first 200 seconds.
In contrast, the fuel temperature drops to about 1100°C as the heating causes the reactivity
feedbacks shown in Figure 111.7-29 with the net reactivity dropping to about the same as in case
(a). The channel 4 temperatures are higher than in case (a).
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As with case (a), control-rod driveline and radial expansion are the main contributors to the
initial negative reactivity feedback but the contribution is reduced by about 30% for the control-
rod driveline feed back. The power-flow ratio reaches a quasi-asymptotic value towards the end
of this period, so the channel temperatures which are initially driven by this, reach quasi-
equilibrium and follow the core inlet temperature. As in the base case, the net reactivity has re-
established a quasi-equilibrium around critical but at higher power and higher core temperatures.

As in the base case, the flow coast-down provided by the inertia of the primary pumps ends
at approximately 650 seconds when the shafts stop turning. Similarly at this point, natural
circulation has not yet been fully established, so with the abrupt drop in flow, the cladding and
local coolant temperatures begin to rise to form a second temperature peak around 900°C at
approximately 700 seconds. There is less of a rise in the fuel temperature. As in case (a), the
second temperature peak also causes additional thermal expansion and negative reactivity
feedback and this once again starts a period of damped oscillations between the fission power
and the thermal hydraulic feedback effects. But the oscillations are damped out much sooner
than in the base case and the conditions soon reach a quasi-equilibrium at about 1000 seconds.
Beyond this point the fission power is noticeably a larger part of the total power than in case (a).
As in case (a), in the long term beyond 20000 seconds, the total power still remains above the
heat rejection capability of the DRACS and overall system temperatures are still rising. At
20,000 seconds, the development of quasi-equilibrium natural circulation conditions continues to
hold peak coolant and cladding temperatures to around 850°C which is about 50°C higher than
the base case.
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The significance of this ULOF CRDL feedback parametric is best illustrated in Figure 111.7-
32. As shown for channel 4, fuel temperatures are well below the melting point. In contrast, the
peak cladding temperatures approach 900°C. Moreover, the major significance of this ULOF
accident parametric analysis is that for channel 4, during the transient, the minimum margin to
coolant boiling is now only about 50°C. The analysis further suggests that examination of an
enhanced scram shut down capability would be advisable. Results from these parametrics are
presented below.

c) SASS Case with Reduced CRDL Feedback

Reference should be made to the discussion above for the base case (a) and the reduced
CRDL feedback case (b). Since case (b) led to the results with the minimum margin to coolant
boiling in the core, this reduced CRDL feedback case should provide the more challenging case
for examining the quantitative benefits of introducing a SASS device. In this parametric case, the
total SASS scram worth is $8.70. The insertion is initiated by the coolant outlet temperature of
channel 1 (inner driver subassembly) reaching 727°C (1000K). In line with case (b), the control
rod driveline feedback has been reduced from the base case by 50%, and additional details are
available in the discussion of that case. This ULOF transient is initiated by the same set of
failures as for the base case (loss of forced flow and loss of normal heat rejection) and the reactor
protection system also fails to scram the reactor; so the accident proceeds from full power. All
heat rejection is through the DRACS, with a design heat rejection of 0.5% of full power at
nominal conditions. Results from the analysis of this ULOF accident sequence are shown in
Figure 111.7-30, 111.7-31, and 111.7-32. As can be expected, the results are a combination of those
from the PLOF accident and the ULOF case (b).

Figure 111.7-30 shows the histories for the total reactor power, the decay heat production, and
the coolant flow in channel 4 (the peak inner core assembly). It can be seen that the fission
power decreases as the transient proceeds along the lines of case (b). SASS scram occurs at 80
seconds after initiation of the transient when the total power has been reduced to 40%. Core
outlet fuel, peak clad, and coolant outlet temperatures for channel 4 are shown in Figure 111.7-31.
Coolant and cladding temperatures increase to approximately 760°C and 780°C respectively
within the first 80 seconds at which point scram occurs. In contrast, the fuel temperature drops to
about 1250°C at the scram point as the heating causes the reactivity feedbacks shown in Figure
111.7-32. The net reactivity is at about 12 cents sub-critical at scram. The minimum channel 4
safety margins occur at this point and are higher than those reported in case (b) since the scram
occurs at an early time in the heat up transient. The margin to boiling in channel 4 is about
170°C. Post scram in the transient period beyond 80 seconds, the system response is similar to
that of the PLOF sequence.

As in the PLOF sequence, the flow coast-down provided by the inertia of the primary pumps
ends at approximately 650 seconds when the shafts stop turning. At this point, natural circulation
has not yet been fully established, so with the abrupt drop in flow, the cladding and local coolant
temperatures begin to rise to form a second broad temperature peak or plateau around 500°C at
approximately 700 seconds. Reference should be made to the discussion on the PLOF sequence.
The transient is now all decay heat driven and the total power eventually decreases to below the
heat rejection capability of the DRACS and overall system temperatures decrease. The margins
during this phase of the accident are larger than the margins at normal operation.
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The significance of the ULOF accident analysis results for the SASS case is confirmed in
Figure 111.7-31. As shown for channel 4, the inclusion of the SASS has significantly increased
the minimum core coolant boiling margin to about 170°C from the 50°C obtained in case (b).
Peak cladding temperatures approach 780°C as opposed to 900°C without the SASS in case (b).
Fuel temperatures are well below the melting point.
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[11.7.6 Evaluation Of Safety Design Criteria

This section provides a survey of safety design criteria applicable to sodium cooled fast
reactors. Criteria selected for consideration include 1) generalized design criteria specified by
Title 10, Part 50, Appendix A of the Code of Federal Regulations for application to light water
nuclear power reactors, 2) American National Standard general safety design criteria for a liquid
metal reactor nuclear power plant, and 3) U.S. Department of Energy nuclear reactor safety
design criteria. Considerations of design criteria by U.S. Nuclear Regulatory Commission in
licensing and safety evaluation of proposed liquid metal cooled nuclear power reactor designs
are reviewed. Applicability of the selected set of design criteria to sodium cooled fast reactor
design features and operational characteristics are discussed. Recommendations are also made
for modifications to existing safety design criteria for relevance to sodium cooled fast reactor
designs.

The safety philosophy guiding the design, construction, and operation of nuclear facilities in
the U.S. is based on the principle of “defense in depth” [1]. The objectives of “defense in depth’
are first to protect the health and safety of the public and plant operating personnel, and second
to preserve the facility investment by assuring its operational readiness. In terms of physical
elements, “defense in depth” is exemplified by multiple, successive barriers to guard against the
escape of radioactivity from nuclear facilities. However, in the evolution of U.S. nuclear safety
philosophy, the “defense in depth” principle has been extended and applied to all aspects of
nuclear facility design, construction, and operation, so that all safety critical functions are
achieved by multiple systems/procedures/processes that are diverse and independent.

In the nuclear facility design process, the “defense in depth” principle has fostered the
development of guidelines for identifying those engineered systems that are important for safety.
Safety class systems are designed to be very reliable. They are constructed using specifications
and materials that will assure functionality. In addition, multiple systems of diverse design are
provided so that failure of any single safety system will not put people or equipment at risk.

The system configurations and functional requirements for nuclear facilities are routinely
documented early in the design process as a set of safety design criteria. Commercial water
cooled nuclear power plants licensed by the U.S. Nuclear Regulatory Commission must comply
with general design criteria documented in the Code of Federal Regulations [2]. Suggestions for
modifications of these criteria for application to liquid metal cooled reactor designs have been
supplied by representatives of the nuclear power industry [3]. Nuclear research reactors built by
the U.S. Department of Energy must comply with safety design criteria documented in a DOE
Order [4].

The purpose of this Appendix is to provide an evaluation of documented nuclear reactor
safety design criteria, with the aim of identifying changes necessary for application to a sodium-
cooled fast reactor design. Existing general design criteria developed by the USNRC for light
water reactors [2], by industry for liquid metal reactors [3], and by USDOE for research reactors
[4] are examined for relevance. Recommendations are made for modifications to the existing
safety design criteria for application to sodium-cooled system designs.
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111.7.6.1 Safety Design Criteria Comparison

In the methodological framework built on the defense-in-depth foundation, the role of safety
design criteria is to set requirements for design performance. During the formative stages of
design development, safety design criteria specify the configuration and functional performance
characteristics the design must have for it to receive construction and operation approvals from
the regulatory agency. Once the design is developed, safety analyses are performed and
documented to quantify the margins between the safety requirements and expected performance.
After the design is constructed, safety tests are performed to verify design safety performance.
Therefore, it is necessary to establish safety design criteria early in the design process, and the
requirements set by the safety design criteria largely determine the plant configuration,
equipment inventory, and equipment arrangement.

The U.S. Nuclear Regulatory Commission has developed a set of general safety design
criteria for commercial light water-cooled nuclear power reactors [2]. These criteria are the
base-line requirements for nuclear power reactors in the U.S. However, the 10CFR50 Appendix
A requirements are intended for application to light water reactors, and so are only partly
applicable to the sodium cooled reactor designs.

During the years of the U.S. sodium cooled fast reactor development program, industry
representatives developed an American National Standards Institute standard [3] for safety
design criteria applicable to liquid metal cooled reactors. This set of criteria followed the
organization and intent of 10CFR50 Appendix A, but modified certain criteria details for
applicability to the low pressure, chemically reactive liquid metal coolant.

The U.S. Department of Energy has developed a set of safety design criteria [4] to apply to
USDOE reactors that are exempt from USNRC regulation. Such reactors include one-of-a-kind
designs built for research, and other special purpose reactors. The USDOE criteria are similar in
organization and intent to the 10CFR50 Appendix A criteria, with some variations to address
generically the design variations of the USDOE reactors.

Table 111.7-5 contains a listing of the design criteria from 10CFR50 Appendix A, and a cross
reference to the criteria proposed in Refs. 3 and 4. These three sets of safety design criteria have
been reviewed for applicability to the sodium cooled fast reactor design. The “Comments”
column in Table I11.7-5 references the list of comment statements that follow the Table and
record the results of the review. The review takes into account the technical safety evaluations
performed by the USNRC for the PRISM [5] and SAFR [6] sodium cooled fast reactor designs.
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Table 111.7-5 Safety Design Criteria Cross Comparison

Criterion/Requirement 10CFRS0, | ANSVANS DOE Comments
App. A 54.1 5480.30
I. Overall Requirements
Single Failure 8.c.l 1,2
Quality Standards and Records GDC 1 3.1.1 8.c.2 1
Design Bases for Protection Against GDC 2 312 8c3 1
Natural Phenomena
Fire Protection GDC 3 3.1.3 8.c.4 1
Protection Against Sodium and NaK
; 3.14 3
Reactions
Env_lronmental and Dynamics Effects GDC 4 315 8.c.5, 4
Design Bases 8.c.10
Sharing of Structures, Systems, and GDC 5 316 8..6 1
Components
Sodium Heating Systems 3.1.7 3
Siting 8.c.7 5
Human Factors Engineering 8.c.9 6
Safeguards and Security 8.c.11 6
Reactor Decontamination and
L 8.c.13 6
Decommissioning
Support Systems 8.c.15 6
Non-Safety Class Structures, Systems,
8.c.16 6
and Components
I1. Protection by Multiple Fission Product Barriers
Reactor Design GDC 10 3.2.1 8.d.3.a 1
Reactor Inherent Protection GDC 11 3.2.2 8.d.3.b 7
Suppres_slon of Reactor Power GDC 12 393 8.d3.c 1
Oscillations
Instrumentation and Control GDC 13 3.2.4 8.d.5.a 1
Reactor Coolant Pressure Boundary GDC 14 3.25 8.d.1.a 1
Reactor Coolant System Design GDC 15 3.2.6 8.d.6.a 8
Containment Design GDC 16 3.2.7 8.c.8 1
Electric Power Systems GDC 17 3.2.8 8.d.2.a 1
Inspection and Testing of Electric GDC 18 329 8.d.2b 1
Power Systems
Control Room GDC 19 3.2.10 8.d.5.e 1
Remote Shutdown 8.d.5.f 9
Heating, Ventilation, and Air 8.d.7.a.b.c 10

Conditioning (HVAC) Systems

301




Table 111.7-5 Safety Design Criteria Cross Comparison (cont.)

Criterion/Requirement 10CFR50, | ANSI/ANS DOE Comm-

g App. A 54.1 5480.30 | ents

I11. Protection and Reactivity Control Systems
Protection System Functions GDC 20 3.3.1 8.d.4.a 1
Prot(?ctlon System Reliability and GDC 21 332 8.dda 1
Testing
Protection System Independence GDC 22 3.3.3 8.d.4.b 1
Protection System Failure Modes GDC 23 3.34 8.d.4.c 1
Separation of Protection and Control GDC 24 335 8.d.4d 1
Systems
Protection System Requirements for
Reactivity Control Malfunctions GDC 25 3.36 8.d4e 1
Reactivity 'C'ontrol System Redundancy GDC 26 337 8.d5.b 11
and Capability
Combl_n_ed Reactivity Control Systems GDC 27 338 8.d5.c 11
Capability
Reactivity Limits GDC 28 3.3.9 8.d.5.d 11
Protect_lon Against Anticipated GDC 29 33.10 8.d.4f 1
Operational Occurrences

IV. Fluid Systems

Assurance of Adequate Reactor Coolant 341 12
Inventory
Quiality of Reactor Coolant Pressure GDC 30 342 8.d1b 1
Boundary
Fracture Prevention of Reactor Coolant GDC 31 3413 8.d1c 4
Pressure Boundary
Inspection of Reactor Coolant Pressure GDC 32 343 8.d.1d 1
Boundary
Reactor Coolant Makeup GDC 33 8.d.6.c 13
Reactor and Intermediate Coolant and 344 14
Cover Gas Purity Control o
Intermediate Coolant System 3.45 14
Inspection and Surveillance of 346 14
Intermediate Coolant Boundary o
Residual Heat Removal GDC 34 3.4.7 8.d.6.b 1
Emergency Core Cooling GDC 35 8.d.6.d 13
Inspection of Emergency Core Cooling GDC 36 348 8.d6.d 15
System
Testing of Emergency Core Cooling GDC 37 349 8.d6.d 15
System
Containment Heat Removal GDC 38 8.c.8 16
Inspection of Containment Heat GDC 39 8.c.8 16
Removal System
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Table 111.7-5 Safety Design Criteria Cross Comparison (cont.)

Criterion/Requirement 10CFRS0, | ANSI/ANS DOE Comments

App. A 54.1 5480.30

Testing of Containment Heat GDC 40 8.c.8 16

Removal System

Containment Atmosphere Cleanup GDC 41 3.5.11 8.c.8 16

Inspection of Containment

Atmosphere Cleanup Systems GDC 42 3512 8.c8 16

Testing of Containment

Atmosphere Cleanup Systems GDC 43 3513 8.c8 16

Cooling Water GDC 44 3.4.10 8.d.6.e 1

Inspection of Cooling Water GDC 45 3411 8.d.6.6 1

System

Testing of Cooling Water System GDC 46 3.4.12 8.d.6.e 1

V. Reactor Containment
: : . 3.5.1,

Containment Design Basis GDC 50 352 353 8.c.8 17

Fracture Prevention of Containment GDC 51 35.4 8c8 1

Pressure Boundary

Capability for Containment

Leakage Rate Testing GDC 52 3.55 8.c.8 1

Provisions for Containment Testing GDC 53 35.6 8c8 1

and Inspection

Plplng_ Systems Penetrating GDC 54 357 8.8 1

Containment

Reactor _Coolant P_ressure Boundary GDC 55 358 8.c.8 1

Penetrating Containment

Primary Containment Isolation GDC 56 3.5.9 8.c.8 1

Closed System Isolation Valves GDC 57 3.5.10 8.c.8 1

V1. Fuel and Radioactivity Control

Control of Releases of Radioactive 8.c.12.a,

Materials to the Environment GDC 60 3.6.1 8.c.14 1

Fuel Storage and Handling and 8.d.8.3,

Radioactivity Control GDhC 61 3.62 8.d.8.d 1

Prevention of Crltlpallty in Fuel GDC 62 36.3 8.d.8.b 1

Storage and Handling

Monitoring Fuel and Waste Storage | GDC 63 3.6.4 8.d.8.c 1

Monitoring Radioactivity Releases GDC 64 3.6.5 8§:'Cli'4b’ 1
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Comment 1. The relevant criteria from Refs. 2, 3, and 4 are essentially congruent in intent and
are applicable to the liquid metal-cooled reactor design.

Comment 2. The single failure criterion for safety class structures, systems, and components is
listed as a definition applied to specified criteria in Refs. 2 and 3. The single failure criterion is
explicit in Ref. 4.

Comment 3. Explicit requirement for liquid metal coolant that considers the impact of chemical
reactivity or thermophysical properties.

Comment 4. The 10CFR50 criterion addresses phenomena for a high pressure water system.
The criteria should be revised to address phenomena relevant to low pressure, chemically
reactive liquid metal coolant.

Comment 5. Siting criteria are considered in 10CFR100.
Comment 6. Explicit USDOE requirement beyond the scope of 10CFR50 Appendix A.

Comment 7. In LWR designs, the requirement for a prompt, negative power coefficient is met
by the combination of the negative fuel Doppler coefficient and the negative moderator density
coefficient. If the sodium cooled fast reactor coolant void coefficient is positive, the regulator
may require additional design features to compensate, as noted in the PRISM [5] and SAFR [6]
safety evaluation reports.

Comment 8. Systems cited should include the liquid metal heating system.

Comment 9. The USDOE separate requirement for a remote shutdown capability is included in
GDC 19.

Comment 10. USDOE criterion for confinement superseded by containment criterion, GDC 16.

Comment 11. 10CFR50 Appendix A criteria contain references to LWR specific reactivity
mechanisms (Xe, cold shutdown, ECCS boron injection, rod dropout, cold coolant shock) that
are either irrelevant or require re-interpretation for fast spectrum LMR.

Comment 12. Liquid metal reactor criterion for maintaining core submersion in coolant is the
equivalent of ECCS requirement for light water reactor (GDC 33, 35).

Comment 13. 10CFR50 Appendix A criterion is not applicable for liquid metal coolant.
Comment 14. Intermediate loop criteria for liquid metal cooled design.

Comment 15. The liquid metal reactor design does not include an ECCS, but inspection and
testing requirements are applied to the residual heat removal system.

Comment 16. In the light water reactor design, the containment heat removal system is intended
to reduce temperature and pressure following a loss-of-coolant accident. Because such an
accident sequence is not a design basis for the liquid metal cooled reactor, this criterion may not
be relevant.

Comment 17. In the light water reactor design the containment design is based on loss of coolant
accident consequences. For the low pressure liquid metal cooled reactor, in which a pipe break
event is much less severe (leak before break), an alternative design basis accident must be
specified.
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111.7.6.2 Evaluation of Safety Design Criteria

The cross comparison of safety design criteria in Section 111.7-1 shows that the sets of design
criteria defined by the USNRC [2], the ANSI [3], and the USDOE [4] are generally and
specifically convergent with regard to scope and content. The NRC design criteria are intended
for application to light water cooled power reactors, and the ANSI criteria were proposed for
sodium cooled reactors.

In its safety evaluation reports for the PRISM [5] and SAFR [6] designs, the USNRC has
provided analyses of the applicability of the criteria in Ref. 2 to specific sodium cooled fast
reactor designs, taking Ref. 3 into account. These analyses have been reviewed with a
perspective of the general characteristics of a sodium cooled fast reactor system. From this
review, the following general statements can be made with regard to the applicability of the
design criteria in Ref. 2 to sodium cooled systems:

1. Many of the 10CFR50 Appendix A general design criteria are directly applicable to
the sodium cooled fast reactor systems, without wording changes or modifications.
The intent of the design criterion is clear, and the design implication for application to
a sodium cooled system is apparent. Criteria included in this class are GDCs 1, 2, 3,
5, 10, 12, 13, 14, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 29, 30, 32, 34, 44, 45, 46, 51,
52, 53, 56, 60, 61, 62, 63, 64.

2. Some of the 10CFR50 Appendix A general design criteria are worded with reference
to specific light water reactor design features, performance characteristics, or
regulatory requirements. These criteria must be reworded to preserve the original
intent for sodium cooling. A listing of the criteria in this class and suggested changes
are given in Table 111.7-6.
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Table 111.7-6 Suggested Changes to 10CFR50 Appendix A General Design Criteria
for Application to Sodium Cooled Systems

GDC No. Suggested Change

4 This criterion is written in reference to a high pressure, water coolant, and includes
explicit references to loss-of-coolant accidents (LOCAS) and pipe ruptures. The
words should be changed 1) to include dynamic and environmental phenomena
relevant to low pressure sodium, e.g. the environmental effects of aerosols and
oxidation products, 2) to delete references to dynamic and environmental accident
phenomena specific to water coolant, and 3) to include references to generic design
basis events, i.e. “anticipated operational occurrences.”

11 This criterion requires a prompt inherent nuclear feedback effect to compensate a
rapid reactivity increase in the power operating range. NRC reviews of the PRISM
and SAFR designs highlighted the positive coolant void reactivity worth as an area
of significant concern for a beyond-design-basis loss-of-flow-without-scram
accident sequence. The criterion should be modified to specifically exclude or
include coolant voiding effects, depending on the safety strategy dealing with
severe accident.

15 This criterion is written to require that the reactor coolant pressure boundary is built
to withstand design basis conditions. Reference 5 specifically requires inclusion of
the sodium heating system in the listing of coolant systems subject to this
requirement.

26 This criterion requires two independent reactivity control systems, one of which
shall use control rods. Specific control reactivity requirements are listed in terms of
LWR performance characteristics. The criterion should be rewritten in terms of
equivalent sodium cooled fast reactor characteristics.

27 This criterion specifies combined control reactivity requirements including liquid
poison injection. The criterion should be rewritten to eliminate the explicit mention
of liquid poison addition.

28 This criterion requires that the reactivity control system be designed to limit the
possible rate of reactivity addition to avoid damage to the reactor and its associated
structures, systems, and components. Specific control reactivity requirements are
listed in terms of LWR performance characteristics. The criterion should be
rewritten in terms of equivalent sodium cooled fast reactor characteristics.

31 This criterion specifies conditions and phenomena to be considered in the design of
the reactor coolant pressure boundary. For sodium coolant, Ref. 5 specifies
addition of coolant chemistry and mechanical properties degradation to the list of
considered phenomena, in recognition of the chemically active nature of sodium.
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Table 111.7-6 Suggested Changes to 10CFR50 Appendix A General Design Criteria
for Application to Sodium Cooled Systems (cont.)

GDC No. Suggested Change

33 This criterion provides for a coolant supply system to assure reactor coolant
inventory in the event of a small break in the coolant pressure boundary. As
formulated, the criterion is not relevant to low pressure sodium coolant.
Reference 3 specifies a replacement criterion dealing with assurance of adequate
coolant inventory to maintain core cover and operation of the residual heat
removal system in all cases.

35 This criterion provides for emergency core cooling in the event of a loss of
coolant accident. Such an event is outside the design basis for the low pressure
sodium coolant system. Coolant inventory, core covering, and residual heat
removal are assured by GDC 33 and 34.

36 This criterion provides for inspection of the emergency core cooling system.
Reference 5 recommends rewriting this criterion to provide for inspection of the
residual heat removal system (GDC 34).

37 This criterion provides for testing of the emergency core cooling system.
Reference 5 recommends rewriting this criterion to provide for testing of the
residual heat removal system (GDC 34).

38 This criterion provides for the design of a containment heat removal system with
the capability of rapidly reducing the temperature and pressure within the
containment following a loss-of-coolant accident. The LOCA sequence is not
relevant to the low pressure sodium coolant system. The criterion should be
rewritten with wording to replace the LOCA reference with the appropriate
design basis accident reference.

39 This criterion provides for inspection of the containment heat removal system,
and includes specific reference to design features relevant to water cooled
systems. The criterion should be rewritten to include design characteristics
relevant to sodium cooled systems.

40 This criterion provides for testing of the containment heat removal system, and
includes specific reference to design features relevant to water cooled systems.
The criterion should be rewritten to include design characteristics relevant to
sodium cooled systems.

41 This criterion provides for the design of a system to control fission gases and
combustible gases in containment following a postulated accident. Reference 3
recommends modification of this criterion to include sodium aerosols and
combustion products, and to identify sodium leakage and interaction with
concrete as events in the accident sequence. The criterion should be rewritten to
include design characteristics relevant to sodium cooled systems.

42 This criterion provides for inspection of the containment atmosphere cleanup
system provided by GDC 41. The criterion should be rewritten to include design
characteristics relevant to sodium cooled systems.
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Table 111.7-6 Suggested Changes to 10CFR50 Appendix A General Design Criteria

for Application to Sodium Cooled Systems (cont.)

GDC No. Suggested Change

43 This criterion provides for testing of the containment atmosphere cleanup system

provided by GDC 41. The criterion should be rewritten to include design
characteristics relevant to sodium cooled systems.

50 This criterion stipulates design basis conditions and phenomena for the

containment, and makes specific mention of loss-of-cooling accidents and metal-
water interactions. The criterion should be rewritten to include design
characteristics relevant to sodium cooled systems. Reference 5 recommends
replacement of the LOCA sequence with the appropriate postulated accident, and
replacement of metal-water interactions with phenomena relevant to sodium
cooling.

55 This criterion provides for isolation design requirements for lines connected to the

reactor coolant pressure boundary that penetrate the containment. In sodium
cooled systems, this criterion also applies to lines connected to the reactor cover
gas space.

Reference 5 identifies nine additional design criteria relevant to sodium cooled fast reactor
designs that are not explicitly stated in 10CFR50 Appendix A. Six of these additional nine
criteria are also cited in Ref. 3. These nine criteria are as follows:

1.

Protection Against Sodium Reactions. (Cited in Ref. 3 as Criterion 3.1.4). This
criterion explicitly provides for measures to protect against the consequences of
chemical reactions resulting from sodium leaks. It calls for prevention, detection, and
consequence mitigation design features, as well as measures to protect personnel and
equipment from corrosive and potentially radioactive oxidation products.

Sodium Heating Systems. (Cited in Ref. 3 as Criterion 3.1.7). This criterion provides
safety and performance requirements for systems intended to maintain as a liquid.
Such systems are required to perform assuming a single failure.

Heat Transport System Design. (No corresponding Criterion in Ref. 3). This
requirement ensures sufficient reactor cooling for normal operation and anticipated
operational occurrences by providing two independent coolant flow paths between the
reactor and the heat sinks, and stipulates that the integrity of the reactor coolant
pressure boundary shall be maintained for postulated accidents. This criterion covers
the same requirements as GDCs 34 (Residual Heat Removal), 35 (Emergency Core
Cooling), and 44 (Cooling Water) in the original 10CFR50 Appendix A.

Assurance of Adequate Reactor Coolant Inventory. (Cited as Criterion 3.4.1 in Ref.
3). This criterion provides for sufficient coolant inventory to assure residual heat
removal for normal operation, anticipated operational occurrences, and postulated
accidents assuming a single failure. The criterion has the same intent as the original
GDC 33 (Reactor Coolant Makeup).

Design of the Intermediate Coolant System. (Cited as Criteria 3.4.5 and 3.4.6 in Ref.
3). These criteria provide for the design, inspection, testing, and surveillance of the
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intermediate coolant system, and cover the intent of the original GDCs 44, 45, and 46
(Cooling Water).

6. Reactor and Intermediate Coolant and Cover Gas Purity Control. (Cited as Criterion
3.4.4 in Ref. 3). This criterion requires systems to monitor and maintain the purity of
reactor and intermediate coolants and cover gases within specified design limits.

7. Inspection and Testing of Residual Heat Removal Systems. (Cited as Criteria 3.4.8
and 3.4.9 in Ref. 3). This criterion provides for inspection, testing, and surveillance
of the residual heat removal system. The intent of these criteria is the same as that of
the original GSCs 36 and 37, which provide for inspection and testing of the
emergency core cooling system for water cooled reactor designs.

8. Protection Against Fuel Rod Failure Propagation. (No corresponding Criterion in
Ref. 3). This criterion was proposed for early sodium cooled fast reactor designs for
which fuel irradiation experience was limited. As fuel irradiation experience was
gained, confidence in fuel performance was assured, and this criterion was explicitly
excluded in Ref. 5, which notes that fuel design limits and failure performance are
included by GDCs 10, 27, and 35.

9. Protection Against Coolant Flow Blockage. (No corresponding Criterion in Ref. 3).
This criterion requires the fuel assembly design to include specific features to prevent
and minimize the likelihood of coolant flow blockages, so that such events can be
eliminated from the design basis. This consideration arises due to use of ducted fuel
assemblies, for which inlet flow blockages or restrictions could lead to fuel damage or
failure.
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[11.8 Supporting Analyses for Heat Transport Systems

The purpose of this section is to document analyses that have been carried out in support of
the development of the various heat transport systems for ABR. These supporting analyses
include parametric calculations for sizing of the Intermediate Heat Exchanger (IHX) and Direct
Reactor Auxiliary Cooling System (DRACS) heat exchangers, including models for calculating
pressure drop on the primary (shell) and secondary (tube) sides. The various modeling activities
that have been carried out in this area are summarized below.

As noted in Sections 11.3 and 11.6, thermal hydraulic analyses were performed in order to
form the technical basis for the sizing of both the IHX and DRACS in-vessel heat exchangers. In
terms of the thermodynamic analysis required to estimate the overall unit size needed to achieve
the specified thermal rating, the forced convection heat transfer coefficients on shell and tube
sides are calculated using the well-known Lockhart-Martinelli correlation which was developed
on the basis of forced convection heat transfer from liquid metals:

Nu="Pe _5 +0.025(Re - Pr)*®
1)
where:
Nu = Nusselt number,
h = forced convection heat transfer coefficient,
Pr = Prandlt number = uc/k,
k = sodium thermal conductivity ~ 69 W/m-K,
c = specific heat ~ 1283 J/kg-K,
Re = Reynolds number = PPU/ &
D = equivalent diameter of flow channel = tube 1D for tube-side flow,

= (4-channel flow area)/wetted perimeter for shell side.

For pitch-to-diameter (P/D) ratios of > 1.1, the above correlation results in errors of no more
than 10 % on the shell side of the IHX.

Aside from the thermodynamic calculations, the pressure drop on the tube side of the heat
exchangers is calculated to facilitate pump selection and design considerations. In particular, the
pressure drop is calculated using the standard Bernoulli equation modification to account for
frictional drag as well as tube bank entrance and exit form losses; i.e.,

APt = (Kentr + Kexit + ﬂ‘/ Di )Epuz
2 ()
where:
u = flow velocity,
Kenr = tube entrance loss coefficient (typically taken as ~0.5),
Kenr = tube exit loss coefficient (typically taken as ~1.0),
f = friction factor given by Blasius correlation = 0.3164/Re™*,
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Re = Reynolds number = PP/ #

D; = tube inner diameter,

= tube bundle length,
U = sodium viscosity ~ 2.76-10 kg/m-sec, and
p = sodium density ~ 850 kg/m®.

The pressure drop analysis on the shell side is complicated by the fact that an orificed baffle
plate design has been adopted in order to minimize pressure drop. Although well-established
correlations have been developed for evaluating pressure drop for the case of impervious plates
(e.g., see Kern [1]), suitable correlations for the case of orificed plates could not be identified in
the literature. On this basis, a correlation was developed and validated against other IHX designs
that feature orificed baffle plates. The specific correlation is presented below; complete
modeling details can be found in reference [2].

For the case of orificed baffle plates, the flow pressure drop is evaluated through the
following correlation:

2
P 0 (3)
where:
D, = tube outside diameter,
_om

G = mass flux through bundle in cross flow = B(P —Do)N; ,
Nt = number of tubes in cross-flow, perpendicular to flow direction,
Ny = number of baffle plates,
P = tube pitch,
B = baffle plate pitch (i.e., distance between plates),
m = shell-side mass flowrate,

c B 3.59+8.34(1.44-P/D,), P/D, <1.44,

- 359, P/D, >1.44

and F is the fraction of the total shell side mass flowrate that remains in a cross-flow
configuration during flow past an individual baffle plate. This fraction is evaluated through the
following transcendental equation:

1_ F — C()F 0.865 (4)
where:
05 , 0.135
w=" 15(£j D; pN<
X 0.86 .
2 " \Ky) [(P-D, B | p m



and:

Dy, = orifice hole diameter,
Kh = orifice hole form loss coefficient ~ 1.5, and
Ny = number of tube rows in cross flow, parallel with flow direction.

In terms of the approach for carrying out the parametric calculations, the number of heat
exchanger tubes is treated as the independent variable. The required tube length is then
calculated as the key model output, and the minimum heat exchanger cross-sectional area is
given by tube unit cell cross-sectional area multiplied by the total number of tubes. This
approach provides the overall heat exchanger size to be selected on the basis of the available
cross sectional area, or the available elevation space, whichever is desired.

In terms of the design calculations for the IHX, tube diameter was selected to be identical to
the PRISM IHX. For completeness, the calculations were carried for a variety of P/D ratios with
the temperature differentials on the primary and secondary sides fixed at the design levels shown
in Table 11.3.3.1. The thermal conductivity of the 9Cr-1Mo tubes was taken as 28 W/m-"C.

The results of the calculations for the IHX are shown in Figures 111.8-1 through 111.8-4, which
provide the tube sheet planar area, tube length, and pressure drop across the shell and tube sides
vs. number of HX tubes for a range of P/D ratios from 1.2 to 1.8. To compromise between the
planar area of the reactor vessel occupied by the IHXs and the primary side pressure drop, an
intermediate value of the P/D ratio of 1.4 was selected for the current design. Given the
equipment distribution within the reactor vessel, ~2.3 m? of cross sectional area is available to
accommodate each IHX. Factoring in the shell thickness of 1.9 cm, as well as the downcomer
pipe planar area, then the available area for the tube sheet is reduced to ~2.25 m% Thus, from
Figure 111.8-15, an IHX with a total of ~ 4500 tubes is selected to fit into the available space.
From Figure 111.8-16, for the case of P/D=1.4, the active tube length must be 4.78 m to achieve
the target thermal rating of 250 MW per IHX. With the tube length specified, the minimum
required elevation space to accommodate the IHXs in the vessel plan view is determined. From
Figures 111.8-17 and 111.8-18, the pressure drop across the primary and secondary sides of the
tube bank are found to be 18.2 and 14.8 kPa, respectively, for the case of P/D = 1.4. The primary
side pressure drop thus sets the pressure head required to drive the 1256 kg/sec sodium flowrate
through the IHX at ~ 2.2 m at full power conditions.

Figures 111.8-5 through 111.8-8 provide the analogous plots of planar area, tube length, and
pressure drop across shell and tube sides vs. number of heat exchanger tubes for both 2.5 and 5.0
MW DRACS heat exchanger designs that were evaluated as part of the shutdown heat removal
system design evaluation. As described in Section I1.6, the final design adopted the 2.5 MW
units, which corresponds to 0.25% long term decay heat removal capacity. Key design
parameters for these units are summarized in Table 11.6.1.1.
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